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A PERFUSING SOL UTION FOR THE LOBSTER (HOMARUS) HEART 
AND THE EFFECTS OF ITS CONSTITUENT IONS 
ON THE HEART 

By WnXIAil H. COLE* 
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and the Menmt Desert Island Btehgtcal Labcratory, Salshury Cove, Maine) 
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INTRODUCTION 

As indicated m the report on a perfusion solution for the crayfish heart 
(Cole, Heifer, and Wlersma, 1939), the inorganic composition of perfusmg 
solutions for invertebrate hearts should agree closely with that of the serum 
of the flnimnl used if normal behavior of the heart is to continue. Data have 
been accumulated on the serum of the lobster Bomarus amencanus (Cole and 
Karalski, 1939, Parker and Cole, 1940, Cole, 1939-10 and 1941), which demon 
strate that the concentrations of the common inorgamc ions — sodium, potas- 
sium, caldum, magnesium, chloride and sulfate — \'ary differentially with the 
concentrations of those ions m the environment Smee many of the marine 
invertebrates studied in the laboratory arc coDected from shore and bay habi 
tats, the sea water of which vanes in inorgamc composition from the average 
of open ocean water (Clarke, 1911, Thompson, 1936) parallel analyses of the 
eaviroamenlal ses water should accompany those of the sera, if phj’Siologica] 
solutions arc to be prepared To show dearly the differences, ratios of ionic 
concentrations in the serum to those in sea water, referred to total salt con 
centration of sea water (measured easily by chbrmity or milhmoles of chloride 
per liter) may be used (Cole, 1939-40 and 1941) 

The calaum content of lobster scrum \'ane5 more than that of the other 
ions. It IS believed that the variation may be correlated with the time smcc 
the last molt of the animal, as shown in the crab CaJltnedes by Hecht (1914) 
The value for calaum given m Table I is the average of nineteen individual 
sera analyxed during three summers (1938-40) 

RESULTS 

A perfusing solution for the lobster heart made according to preliminary 
analysis of lobster scrum, but with an mereased total salt concentration to 

* The work reported here was done under the sponsorship of the Bureau of Bio- 
logical Research Rutgers University, and with financial assbtance from the Permanent 
Sdence Fu n d of the American Academy of Arts and Sciences, The technical assis- 
tance of L. A, and Barbara Parker is gratefully acknowledged. 
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give isotomaty with serum (No 2, Table I), was satisfactory for normal beatmg 
of the heart for as long as 26 hours ^ Decreases and increases m the osmotic 
pressure of the solution up to 15 per cent (Nos 2 a and 2 b) caused no sig- 
nificant changes m the rate or character of the heart beat for several hours 
Environmental sea water and van’t Hoff’s solution, however, were both unsatis- 
factory for perfusion, since normal rate and amphtude of the heart beat con- 
tmued only a few mmutes, even though beatmg at decreased rate and amphtude 
might go on for 3 hours Subsequent analyses of lobster serum, showing less 
potassium and calcium, resulted in the preparation of solution 35 contammg 
less potassium and calcium, and more magnesium and sulfate, which caused 
decreased rate and amphtude of the beat Solution 36, with the same amount 
of potassium and calcium as m No 2, and the same amount of magnesium and 
sulfate as m No 35, was satisfactory 

It should be noted that these solutions and the ones used later contained 
only the morgamc salts — sodium chloride, potassium chloride, calcium chloride, 
magnesium chloride, and magnesium sulfate All orgamc and the mmor m- 
organic constituents of the serum were absent This may have been why the 
absolute amounts of calcium and potassium had to be mcreased above the 
amounts m serum In other words, the missmg constituents in morgamc per- 
fusmg solutions may be replaceable by mcreased amounts of potassium and 
calaum On the other hand, the numbers of potassium and calaum ions per 
one hundred sodium ions m the best perfusmg solutions (Nos 2 and 36), while 
larger than the content of each ion m serum, show lower ratios to each other 
than m the serum In the latter, the ratio of calcium to potassium per one 
hundred sodium ions is 2 0, while m the solutions it is 1 7 

Obviously, as for other hearts, critical ratios between the sodium, potassium, 
and calaum ions m a perfusmg solution determme whether or not the lobster 
heart can contmue normal beatmg In order to determme those ratios and 
the specific effects of each ion, forty-two other solutions were tested Some 
of the solutions and their effects are displayed m Table I 

Solutions of smgle components aU caused arrest of the heart Systohc 
arrest resulted from potassium chloride withm 30 seconds, from urea withm 5 
mmutes and from sodium chloride withm 5 mmutes (solutions 15, 52, and 1) 
Diastohc arrest resulted from magnesium sulfate withm 6 seconds, from mag- 
nesium chloride wi thin 15 seconds, from calcium chloride withm 30 seconds, 
and from glucose within 50 seconds (solutions 51, 50, 26, and 53) None of 
these effects were irreversible, smce recovery of the normal beat occurred withm 
a few mmutes, the order bemg just the reverse of the order of arrest 

^ Details of the procedure used m preparing the animals and of testmg perfusmg 
fluids on the hearts tn stltt are fully descnbed by Cole and Kazalski (1939) and by 
Cole, Heifer, and Wiersma, (1939) In the former report and m another by Cole 
and Parker (1940) preliminary results of perfusmg the lobster heart are presented 
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TABLE I 

Comporitions and effect* of perfusing solutions on the lobster heart pH ■■ 13 to 1JS 
temperature " 16.6 to 17 7®C rate of pcrfutlon » 10 mL per minute. Sdutlon* efficiently 
buffered by adding 1731 ml. of 0.5 u boric add and 0.956 ml of 0.5 m NaOH to each liter 
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Among the bmary solutions of salts, considerable differences were found 
Potassium chloride and calcium chloride (No 9 a) caused arrest in systole m 
less than 1 mmute, mdicating the predominating effect of potassium Solu- 
tions of potassium chloride and magnesium chloride or magnesium sulfate, 
and of calcium chloride and magnesium chloride or magnesium sulfate were 
similarly effective m causmg arrest, the former group m systole and the latter 
m diastole Sodium chloride and magnesium chloride or magnesium sulfate 
(Nos 20 and 21) were shghtly better than sodium chloride alone, causmg arrest 
m systole withm 5 mmutes Sodium chloride and potassium chloride (No 8) 
caused arrest m s)^tole withm 10 mmutes, while sodium chloride and calaum 
chloride (No 7) allowed normal beatmg for 30 mmutes The order of antag- 
onism of sodium was therefore calcium > potassium > magnesium Calcium 
and magnesium did not antagonize potassium m the absence of sodium 

Tertiary and quartenary salt solutions were better than bmary solutions 
provided they contamed sodium, potassium, and calcium m certain proportions 
Ormssion of potassium or sodium caused arrest m diastole (solution 18c), 
onnssion of calcium caused arrest m s)^tole (solution 16c), but ormssion of 
magnesium or sulfate or both made no difference for as long as 3 hours 

The critical ratios between the sodium, potassium, and calcium ions were 
determined by a senes of solutions m which the number of potassium and 
calaum ions per one hundred sodium ions were varied (solutions 3, 37, 38, 
40, 41, 43-47) The results mdicated that at least two potassium ions per one 
himdred sodium ions were necessary for normal behavior of the heart, pro- 
vided there were five calcium ions present, three potassium and five calaum 
ions could be present, but three potassium ions were necessary if only four 
calcium ions were present Within those narrow limits calcium could re- 
place potassium and mce versa, without affectmg the heart beat If calaum 
or potassium were mcreased or deaeased beyond those limits (solutions 35, 
40, 46, and 47), the character of the heart beat was altered For the aayfish 
(Cole, Heifer and Wiersma, 1939) the limits of the number of potassium and 
calaum ions per one hundred sodium ions were found to be from 1 8 and 6 8 
to 2 6 and 6 6 respectively, showmg narrower hmits for calaum than m the 
lobster 

Deaeasmg or maeasmg the osmotic pressure of the perfusmg solution by 
25 per cent, without changmg the lomc ratios of sodium, potassium, and cal- 
cium, caused maeased tone and rate or decreased rate respectively (solutions 
48 and 49) Adaptation to the former soon occiured and beatmg contmued 
for several hours, but there was no adaptation to the latter, which caused ir- 
reversible diastohc arrest 

Solutions m which hthium replaced sodium, and bromide or iodide replaced 
chloride were all imsatisfactory, but m different degrees (solutions 29-31) 
Iodide caused qmck arrest m diastole, hthium caused maeased rate and tone 
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followed by arrest in systole within 6 minutes, while bromide allowed normal 
beating for about 12 minutes, followed by decreased rate and amphtude, and 
bj arrest m diastole withm 30 mmutcs. Lithium chlonde behaves like sodium 
and potassium chlorides m causing systolic arrest The bromide and iodide 
ions, however, show a marked dMercnce from the chlonde ion, smcc their 
sodium salts cause diastolic instead of systolic arrest 
In the earher experiments the pH of the solutions was adjusted to that 
of the serum (7 4 =t 0 1) by adding email amounts of 1 0 N sodium hydroxide. 
Varying the pH from 7 0 to 8 0 caused no significant changes m frequency, 
tone, or amplitude of the heart beat. At lower or higher values, increases m 
tone and rate accompanied by decreases m amphtude occurred. The buffering 
capaaty of such solutions was insufilaent to maintain a pH of 7 4 m the pen 
cardial chamber for more than about 4 hours of perfusion In later eiperi 
ments, the solutions were more e£aentl> buffered by addmg 18 ml of 0 5 m 
boric aad and 1 0 mL of 0,5 u sodium hydroxide per hter The pH of peri- 
cardial fluid even after more than 14 hours of perfusion by solution 2 or 36, so 
buffered, remamed at 7 4 d= 0 1 No harmful effects of the borate ion were 
apparent. 


mSCUBSION 

For long continued beating of the lobster heart (20 hours or more) perfused 
tn «/«, the perfusmg solution must correspond closely with the morganic 
composition of the serum Sea water is quite unsatisfactory for perfusion, 
since it contains 540 per cent more sulfate, 477 per cent more magnesium, 39 
per cent less calaum, and 9 per cent less potassium than the serum does A 
scries of synthetic solutions gradually approaching the morgamc composition 
of the serum were proved to be mcreasmgly satisfactory Although hearts will 
beat for several hours on solutions not contaming magnesium and sulfate, they 
will beat much longer (20 hours or more) if those ions are present. Sodium, 
potassium, calaum, magnesium, sulfate, and chlonde ions ore all necessary 
for prolonged normal beatmg, the cntical number of ions bemg 100, 3, 5, 2-3, 
1-2, and 116 respectively It is not surprismg, therefore, that perfusmg solu 
tions used by Hogben (1925) for Eomarus n//gom, and by Zoond and Slome 
(1928) for PaUnuruz lalajtdti, allowed normal beatmg for only 3 to 4 hours. 
For short periods of normal beating the lobster heart will tolerate improperly 
balanced solutions, but sooner or later the frequency, tone, or amphtude will 
be altered Lithium cannot replace sodium, neither can iodide or bromide 
replace chloride. 

Variations m the osmotic pressure of properly balanced solutions up to 15 
per cent cause no significant change m the beat, although smaller vanations 
will cause changes if the ionic ratios are not correct 

All of the results on perfusmg the lobster heart agree qualitatively with 
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those on the crayfish heart (Cole, Heifer, and Wiersma, 1939), although the 
former is quantitatively less sensitive to variations m osmotic pressure, m 
potassium and m calcium content, but more sensitive to variations m pH than 
the crayfish heart These differences may be associated with the differences 
between sea water and fresh water The former has a more nearly constant 
pH, a larger potassium and calcium content than fresh water, but a more 
variable osmotic pressure, smce bay and estuary waters may contam from 275 
to 500 millimoles of chloride per hter 

SUMMARY 

1 An morgamc perfusmg solution for the heart of the lobster Hoviarus 
ainericanus, to allow prolonged normal beatmg (20 hours or more) must agree 
closely with the morgamc composition of the serum, which varies differentially 
with that of the environmental sea water 

2 All of the chief morgamc ions of the serum are necessary — Na, K, Ca, 
Mg, Cl, and SO 4 , the critical numbers of the 10 ns bemg 100, 3, 5, 2-3, 116, and 
1-2 respectively Absence of Mg and SO 4 wdl be tolerated for several hours 

3 The pH of the solution must agree with that of the serum withm 0 2 

4 The osmotic pressure of the solution must agree with that of the serum 
withm 15 per cent 

5 Beatmg of the heart will contmue for several hours on unproperly balanced 
solutions but changes m frequency, tone, or amphtude will occur Hearts 
adapted to such solutions will show different responses to physical and chemical 
stunuh of the solution than those perfused on properly balanced solutions 

/ 6 Arrest m systole is caused by isotonic NaCl, KCl, LiCl, and urea, and 

arrest m diastole by isotonic CaQz, MgClj, NaBr, Nal, MgS04, and glucose 

7 Lithium cannot replace sodium, neither can bromide or iodide replace 
chloride 10 ns 
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THE STRUCTURE OF THE COLLODION MEMBRANE AND ITS 
ELECTRICAL BEHAVIOR 

IL The Acttvaied Collodion Membrane 
By KARL SOLLNER, IRVING ABRAMS and CHARLES W CARR 
{From the Depcrtmaii of Physiology, University cf Iftnnosola, Mtnneapolu) 

(Received for publication, March 31, 1941) 

I 

In preceding communications^ * we were led to the conclusion that the dec 
trochemical activit> of collodion membranes, as manifested by concentration 
potentials, etc, is due prmapally to addic impunties Accordmgly, different 
brands of collodion differ widd> as to their activity, the purer brands bemg 
less active. The impure (but active) foreign brands of collodion, heretofore 
generally used by workers in the field of electrochemical membrane mvestiga 
tion, are no longer obtainable In order to continue our mvestigation, it 
became necessary to find methods to produce active collodion membranes at wiU, 

The idea of inducing changes m the electrochemical characteristics of mem 
brancs is not entirely new Man> investigators have activated membranes 
by the adsorption of protems, eg the protcmixed membranes of Loeb * Other 
invesUgators use other organic compounds, usually dyestuffs. These may be 
adsorbed like protems or they may be dissolved m the collodion solution^ pre- 
vious to casUng the membranes Such membranes are mterestmg and useful 
m their ov-m nght, but are not altogether satisfactory substitutes for active 
collodion membranes They very often show considerable asymmetry, more- 
over, the dyestuffs so far empbyed (according to the hterature) are slowly re- 
leased mto the solution m contact with the membrane, whereby the character 
of the membrane is considerably changed Meyer and Sievcrs* used an oxida- 
tion method to activate a cellophane membrane. Oxidation obviously In- 
creases the number of dissociable groups (carboxyl groups) m the membrane. 
As far 05 we know, this particular pomt was not studied further by these mves- 

^ SoHner K., and Abrams, L, J Gen Pkystol , 1940, SI, 1 

* Sollner K- Abromf L and Carr C W / Gen Physiol , 1941, Si, 467 

* Loeb J J Gen Physiol^ 1919-20, 3, 577, and many subsequent papers In the 
same Journal 

* Mond, R and Hoffman, F , Arch ges Pkysi<A , 1928 220, 194, Harkewitsch, 

N KL, KoOotd Z , 1929, i7, 101 

* Meyer, K- H., and Sieveis, J F., B.dv Cktm Ada 1936 19, 665 
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tigators Recently, SoUner and Abrams^ have reported m a prelmiinary paper 
that the oxidation method can successfully be apphed to coUodion membranes 
At present we are mterested primarily m havmg available collodion prepara- 
tions which jaeld membranes capable of reproducmg at least the effects (con- 
centration potentials,® anomalous osmosis,’' etc ) described by previous 
authors Moreover, artifiaal activation of coUodion membranes may provide 
a means of correlatmg certain empirical data with some more recent theoretical 
considerations concernmg the problem of electrochemical membrane behavior 
(Meyer and Sievers,® Teorell®) Accordmg to these authors and our own ex- 
perimental results, the factor determmmg the electrochermcal activity of 
membranes is — cetens paribus — the number of lonizable groups fixed immovably 
to the collodion per umt area, t e , the potential charge density of the collodion- 
water mterface This charge density is obviously identical with the base ex- 
change capacity of the mterfaces Smce this particular phase of the membrane 
problem has not been adequately developed, we plan to discuss it m a separate 
paper The present communication deals with the technique of preparing 
activated membranes by the oxidation method and with a description of the 
characteristics of such membranes 


n 

The oxidation method can be used m several ways to obtam active collodion 
membranes Three possibihties are easily seen (1) the oxidation of mem- 
branes as such, (2) the oxidation of commercial coUodion cotton, and (3) the 
oxidation of ceUulose before its nitrification 
The first and second of these methods may be easUy apphed m the laboratory, 
they yield satisfactory resiUts quite readily We have not, therefore, attempted 

® Michaelis, L , and Fujita, A , Bwchein Z , Berlin, 1925, 168, 28, 1925, 161, 47, 
1925, 164, 23, Michaelis, L, and Dokan, S, Btochem Z , Berlin, 1925, 162, 258, 
Michaehs, L , and Hayashi, K , Btochem Z , Berlin, 1926, 173, 411, Michaelis, L , 
and Perlzweig, W A , / Gen Physiol , 1926-27, 10, 575, Michaelis, L , McEllsworth, 
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the third possibihty — oxidation of cellulose with subsequent esterification to 
nitrocellulose, as such a procedure would be much less convenient 

Oxidation of cellulose is always accompanied by some degradation, 
a lowenng of the mean molecular weight mainly by splitting of the rbaln 
molecules The same is undoubtedly true for ceUnlose derivatives (ej, 
collodion) Too thorough oxidation may easily reduce the molecular weight 
to such on extent that the material Involved does not yield membranes of 
suffiaent strength for the intended Investigations 

In oxidizing collodion memhrana, one should be able to find ex per im ental 
conditions under which the mass of the collodion making up the membrane a 
rdatively httle affected, whereas its surfaces, outer ns well ns mner, are rather 
highly oxidized Smee the nctmty of a membrane is obviously determined 
only by the degree of oxidabon at the surfnees, one should he able to produce 
m this way highly active membranes of relatively great methamcal strength. 

If membranes prepared from oxidized bulk coUodtim are to have an apprea 
able activity, the oxidation process must be carried much further For this 
reason, if the oxidized collodion fibres art dissolved, the activated groups 
originally present mainly at (or near) the oxidized surfaces are distributed 
uniformly throughout the mass of the collodion. Therefore, if membranes 
are now cast, the number of activated groups per unit of area in the newly 
formed surfaces is much smaller than it was m the directly oxidized surfaces 
of the bulk material prior to dissolution An appreciable concentration of 
activated groups m the surfaces of membranes prepared from solutions of 
bulk oxidized material can, therefore, be obtained only if the latter has under 
gone a most thorough oxidation 

The method of activatmg bulk collodion has the obvious advantage that 
relativdy large quantities of material may be prepared m a sm^e operation 
and that many active membranes can be prepared in the usual manner from 
the same solution 

For the oxidation of collodion, a number of different oxidizing agents were 
employed Among the less effective ones were hydrogen peroxide, bronune 
water, and potassium permanganate Sodium hypochlonte, calaum hypo- 
chlorite, and particularly sodium hypobromitc were found to be effective. 
These oxidizmg agents can, as a matter of course, be apphed successfully to 
other cellulose derivatives and to cdlulose, as shown by Meyer and Sicvers 
for the case of cellophane. 

In addition to these general oxidation methods, it was found that treatment 
with attfsb was quite effective m produemg activated membranes. This ob- 
servation at first seemed strange, however, after consulting the hterature, it 
was found that mtrocellulose in contact with alkaline solutions is not hydrolyzed 
in a atrai^tforward manner to cellulose and mtric aad, rather, it undergoes a 
gradual decomposition of a complicated nature. Nitrite is formed m large 
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quantities and the nitrocellulose is gradually oxidized Actually, prolonged 
action of alkah destroys the material completely with the formation of low 
molecular weight compoimds, particularly acids A detailed discussion of the 
mechanism of the reaction of alkahs with mtrocellulose is obviously outside 
the scope of our present mvestigation and the interested reader must be re- 
ferred to the hterature 

We have tested the above mentioned effective oxidizing agents over wide 
ranges of concentration, pH, and reaction times 
The sodium hjqiochlorite solutions were prepared from commercial solutions 
by ddutmg with distilled water These weakly alhalme solutions were adjusted 
to the desured pH by addition of hydrochloric acid Here, as m the forthcommg 
mstances, pH was detenmned with a glass electrode 

Calaum hypochlorite solutions were prepared by addmg 50 gm of commercial 
bleachmg powder to 1 hter of water The bleachmg powder dissolves only 
partially, yieldmg a milk y solution The pH of the originally alkahne solu- 
tion was adjusted by the addition of hydrochloric acid as before After the 
msoluble material settled out, the more or less clear supernatant liquid was 
used as the oxidizmg solution 

The sodium h3q3obrormte solutions were prepared by the addition of molecu- 
lar bromine to sodium hydroxide solutions By addmg different amounts of 
bromine, solutions of different pH are readily ob tamed Solutions at pH 11 
are shghtly yellow , at pH 7, orange , at pH 6, deeply red Saturation is reached 

at about 5 8 For the best and most consistent results, the solutions should 
be freshly prepared In this paper, we characterize our solutions by referrmg 
to the concentration of the sodium hydroxide solutions used and the pH rather 
than by mdicatmg the concentration of hypobromite, the latter bemg poorly 
defined and dependent upon hydrogen ion concentration 
The alkahne treatment of our materials was m most cases effected with 
sodium hydroxide solutions of different concentrations Potassium hydroxide 
seems to be about equally effective Ammoma, on account of its smaller de- 
gree of dissociation, is much less effective The efficiency of other alkahs was 
also ascertamed, but none of them offers any particular advantage over sodium 
hydroxide 

Our results show that the optimum conditions for the oxidation of bulk 
coUodion are vastly different from those for membranes But even membranes 
themselves require varymg treatments accordmg to their porosity In the 
foUowmg paragraphs, we give short descriptions of the best procedures of oxi- 
dation which have been foimd to date Other collodions may require some 
adjustment of time or concentration if membranes of the highest activity are 
desired 

See particularly Schwalbe, C G , Die Chemie der Cellulose, Berhn, Bomtraeger, 
1910-11 and 1918, pp 293^ , also Silberrad, 0 , and Fanner, R C , / CJtem Soc , 
London, 1906, 89, 1759, and others 
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The oxidation of membranes 13 carried out by immersing them for a certam 
time m the oxidirmg solution This treatment is followed by thorough wash 
mg All operations were carried out at room temperature. To obtam op- 
timum results w ith any given oxidizing agent, it is necessary to adjust properly 
the concentration, pH, and the reaction time. Immersion for excessively 
long penods m a really effiacnt solution may destroy the membranes Higher 
concentrations require somewhat shorter reaction times 

With highly drted membranes^ bleaching powder solutions were very Ineflfec 
ti\T, even when allowed to react for several days Oxidation with sodium 
hypochlorite solution results m some activation, but m no case were potentials 
approadiing the maximum observ ed 01 m sodnim hydroxide solution 
yields some mercase in activity, stronger solutions have a great tendency to 
destroy the membranes However, really satisfactory activation of highly 
dried membranes was never obtained with sodium hydroxide. Sodium hypo- 
bromite solutions in the shghtly aad range {ca pH 6) give consistently good 
results, alkabne solutions beyond a pH of 7 are too destructive to be usefuL 
Though more dilute solutions are quite effective, the beat results were obtamed 
by saturatmg 0.5 M or 1 0 ir sodium hydroxide solution with bromme. (The 
use of more concentrated solutions has no advantage.) These solutions, if 
freshly prepared, give consistently satisfactory results, the proper immersion 
time being about 3 hours We recommend this last method for the activation 
of dned collodion membranes as the one most consistently satisfactory 

Porous membranes having a fair degree of activity may be obtamed with 
solutions of sodium hypochlorite and calaum hypochlonte over a wide range 
of hydrogen ion concentration (pH 6-11.5) The activation is stronger when 
alkahne solutious arc employed, but above a pH of about 10.5, there is much 
danger of the membranes being destroyed Sodium hydroxide in concentra 
bons above 002 it is suitable m activating porous membranes, the reaction 
time has to be chosen carefufly to fit the concentration For example. Im- 
mersion for 45 mmutes m 0 02 M sodium hydroxide yields membranes of about 
the same degree of activity as treatment for 5 to 10 mmutes with 0.5 u solution 
The activity obtamed is only slightly better than that which results from oxida- 
tion with hypochlontes 

With porous (as wdl as with the dried) membranes, entirely satisfactory 
results were obtamed consistently with sodium hypobromitc solutions. The 
optimum pH range, hovrever, was somewhat different, being between 7 0 and 
9 Aad solutions are somewhat less effective, more alhalme solutions are too 
destructive After some testing, we recommend the use of 0.5 u to 1 0 m 
sodium hydroxide solution with the addition of suffiaent bromine to adjust the 
pH to a -^^ue between 7 and 9 The optimum oxidation time in such solutions 
was 3 to 4 hours for the membranes we usually used (the thickness of our porous 
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membranes bemg on the average 0 04—0 05 mm. ) Thicker membranes may 
stand much longer oxidation Tnthout damage Therefore, the likelihood of 
obtaining more highly actirated membranes is greater with somewhat thicker 
films 

The changes in geometrical structure (porosiU') which the membranes may 
undergo during oxidation will be discussed below after the presentation of the 
pertment experimental data 

The ph3-5ical properties of oxidized membranes are essentially the same as 
those which have not been treated hloderatel}’' oxidized membranes are 
near!}' as strong mechamcaU}' as those which are imoxidized Increasmg 
actr\*ation weakens them more and more, this is accompamed, particularly 
with porous membranes, bj’’ the appearance of an mcreasmg degree of “plas- 
tiaty,” a propert}’’ which is practically absent m imoxidized membranes 

Various methods of testing the dedTOchemiail activity of membranes were used 
according to their porosity In the case of highlj’- dned membranes, the only 
practical method is the determination of the concentration potential (hlichaehs) 
before and after oxidation For highly porous membranes, the most sensitive 
method is to determine the extent of anomalous osmosis under standard con- 
ditions In addition, we measured electroosmosis as well as concentration 
potentials before and after oxidation We also detenmned the influence of 
oxidation on the rate of filtration and on the piore volume. 

The effect of oxidation on three representatrv'e dned membranes is summarized 
m Table L 

The membranes were cast from 5 per cent Malhnckrodt ‘Tarlodion” solution (75 
per cent absolute ether, 25 per cent absolute alcohol) and dned for 24 hours The 
concentration potentials for 0 1 n KQ/001 ii KCl were then detenmned. After 
this, the membranes were oxidized for about 3 hours with sodium hypobromite solu- 
tion, prepared b} saturating molar sodium hydroxide with bromine They were 
thoroughl}' washed with water to remove all traces of electrolj’te and the concentra- 
tion potentials agam measured. 

The values obtamed after oxidation dosety approach the thermodynarmcally 
possible maximum of about 56 mv (at 25°C ), mdicating an imusuaUy high 
degree of lomc selectmty The ohmic resistance of these membranes is very 
markedlt' decreased after oxidation 

In testing porous membranes, it was necessarj’’ to compare only membranes 
of the same general porosity characteristics With some experience, it is not 
difucult to produce such membranes One must use some good grade of col- 
lodion dissolved m a standard sob ent mixture, each time a membrane is cast, 
the same procedure has to be followed 
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Commercial sohitions of Baker or Merck “CoHodioii T7 .sj (5 per cent coBodion 
in a mixture of 25 per cent alcohol and 75 per cent ether) were used for most of the 
following experiments, occasionally, we employed collodion cotton (Baker Tyron- 
Im’O or Mallinckrodt “Parlodion'* (5 per cent dry material in 25 per cent absolute 
alcohol and 75 per cent absolute ether) The differences between these preparations 
are negligible for our present purposes. 

The technique of preparing the membranes, as described previoualy, is briefly as 
follows Collodion bags arc cast In 30 X 110 mm. test tubes and allowed to dry 
several minutes. Next the bags are filled with water, they loosen from the gias** 
spontaneously and are tied to glass rings with thread while still filled with water 
Following this, they are kept in co\ cred giMx containers under water to which thymol 
has been added as a pieservarive. arc never allowed to diy The membranes 
so prepared are fitted to rubber stoppers provided with a long capillary tube (inner 
diameter about 1,5 mm ) Those membranes were selected which, when filled with 


TABLE I 

Tke Injliunu cf OxuJatiffH on Uu Cenuniratton PoUntiaJ octosj Drttd Collodion Ifemhrcnts 

- KaojxijKaomu’^ 

Tkt Stpi is Thai Ohstntd in tit Esitmal Circuit 


MembfUM No. 

1 CoBO&tntlon pet en rial 

Befon oxfaUrion 

Alltt ttridorioft 


m 

m 

1 

16 8 

53 5 

2 

25 3 

S3 7 

3 

11 0 

S3 3 


0,25 molar sucrose solubon and placed in water for 20 minutes, yield an osmotic nse 
Csucrose value’O of about 120 mm, of Uquid m the capLDary manometer The ad 
justment of the zero reading is facilitated by a wmAl? glass syphon provided with a 
stopcock, allowing the rapid adjustment of the meniscus in the manometer to the 
proper level, corresponding to the caplllaiy nse over the outside solutioa. 

These membranes are very suitable for experiments concerning anomalous 
osmosis Their water content varied only m rather narrow limits between 
65 and 70 per cent by weight They were rather thm, their average thickness 
bemg 0 04 to 0 05 mm , with appreciably thinner and thicker parts found on 
each individual membrane. 


To test a membrane for anomalous osmosis, the collodion bag is filled with salt 
solution, our standard being ^ potasaiinn sulfate. The bag was then fitted with 

stopper and manometer tube and immersed in a beaker filled with pure water The 
nse of the memscos m the manometer tube after 20 minutes is taken as-the measure 
of the extent of anomalous osmosis, ITus rate of nse is very characteristic for each 
membrane. 
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Table n shows the effect of alkaline treatment on porous membranes after 
different reaction tunes, the values m Table III were ob tamed with membranes 
oxidized m molar sodium hypobromite solution (pH 7 1) 

TABLE n 


The A chvatton of Porotts Collodion Membranes with 0 5m Sodium Hydroxide Solution 


Membrane 

Before oxidation 

Duration of 
treatment 
with sodium 
h} droxlde 

After oxidation 

1 

Osmotic 
nsc ivith 
sucrose 

0 25 u 

Anomalous 
osmosis with 

Osmotic 
rise with 
sucrose 

0 25 u 

Anomalous 
osmosis with 

ixiSOi 

Mechanical strength 
of membrane 


mm 

mm 

mm 

mm 

mm 


a 

108 

34 

1 


100 

Very strong 

b 

145 

53 

2 

143 

178 

it tt 

c 

132 

42 

3 

136 

155 

it tl 

d 

110 

40 

5 


223 

Strong 

e 

122 

54 

10 

128 

290 

Weak 

f 

116 

38 

15 

118 

284 

'Very weak 

s 

98 

32 

20 

120 

295 

(1 it 

h 

no 

44 

60 

— 

— 

Broken 


TABLE m 

The Achvalion of Porous Collodion Membranes^ with 1 Mf Sodium Hypobromite Solution {pH 7 1) 



Before oxidation 

1 


After oxidation 

Membrane 

Osmotic rise 
with sucrose 

0 25 U 

Anomalous 
osmosis with 

5T2^^ 

Duration of 
oxidation 

OsmoUc nse 
with sucrose 

0 25 u 

Anomalous 
osmosis with 

in^so. 



mm 

hrs 

mm 

mm 

a 

■BH 

43 

4 


312 

b 


46 

4 


346 

c 


58 

4 

148 

356 

d 

147 

55 

18 

164 

352 


* The membranes used m tins experiment were somewhat thicker than those we used 
ordmanly (see text) 

t Prepared from 1 m sodium hydroxide solution, therefore actually about 0 5 m with respect 
to hypobromite ion 

The effect of alkahne treatment on the sucrose values is conspicuously small, 
though the activation as measured with anomalous osmosis is rather good It 
seems that a hmitmg degree of activation is reached after a few mmutes The 
membranes which were immersed for less than 10 mmutes showed great mech- 
amcal strength The last three became progressively weaker We have here 
an example of thorough activation of collodion membranes with a mmimum 
change m spatial structure 
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Such values as those given In Table m can be obtained quite regularly on 
oxidation with sodium hypobromlte. This table also exemplifies the changes 
m behavior towards nonelectrolyte solutions which are generally observed A 
graphic presentation of the effect of oxidation on anomalous osmosis has re 
ccntly been published ^ “ Additional data are also contained m Table Vn 

At this point, a brief discussion of the changes m the geometneal structure 
(porosity) which the membranes undergo on oxidation may be m order Such 
changes may well be mdicated by their behavior towards nonelectrolyte solu 
tions The observation of only \'ery shght variations m the osmotic behavior 
of nonelectrolytes (see tables below and some previously published curves') has 
led us to conclude that the geometneal structure of our membranes is but little 
affected by oxidation The experimental data mdicate that these changes 
increase with longer oxidation times Limited (minutes only) treatment with 
sodium hydroxide solutions and the oxidation with aad hypobromite, particu 
larly the latter, seem to combine good acti\'ation with minimum changes m 
porosity Filtration experiments also mdicate that the changes in the geomet- 
neal structure of the membranes on oxidation are small For example, filtra 
bon rates through three of our typical membranes previous to oxidabon were 
2 03, 238, and 2 05 ml per hour under a hydrostabc head of 15 am water, the 
filtering area being roughlj 100 an* After oxidabon, these values were 1 74, 
2 14, and 1^8 mL per hour To minimize disturbances which could be caused 
by dectneal forces, molar potassium chlonde solution was used m these filtra 
bon experiments. 

In order to further clarify the quesbon of structural changes caused by oxida- 
bon, we performed some experiments with flat membranes having approximately 
the same porosity as our bag-shaped porous membranes. These membranes 
were measured as to length, width, and thickness, and their weight m the wet 
state (blotted with filter paper) was determined before and after oxidabotu 
A loss of volume was detectable only by the weight measurements and this 
only m certain Immersion of the membranes m 03 ii sodium hydroxide 

solution for 10 mmutes caused a loss in weight of about 3 per cent, 3 hours In 
molar sodium hypobromite at pH 9 0 and 7 1 resulted m a bss of about 2 per 
cent and 0 7 per cent respccbvely, the latter value bemg withm the limits of 

" The anomalous osmosis values in these carves are appreciably higher than those 
in Table IH for the following reason. The points of the curves were obtamed by 
performing the experiments one after the other with decreasing electrolyte concentra 
tions without any mtermedlate rmsing of the membranes with water Therefore, 
at the beginning of each experiment, the pores of the membranes contained the dec 
trolye m even higher concentration than in the bulk of the solution. No time was 
thus required for its penetration into the membrane. For this reason, the anomalous 
osmotic liquid movement sets in Immediatdy with fnD force without any Initial latent 
penod 
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experimental error The percentage of dry material of the membranes oxidized 
with hypobromite did not change significantly Prolonged treatment, particu- 
larly with hydroxide, results m a considerable loss of material and change in 
porosity 

TABLE IV 


The Influence of Oxtdatwn on the Concentration Potential across Porous Collodion Membranes 



Before oxidation 

After oxidation 

Membrane 

Osmotic rue 

Concentration potenUala* 

Osmotic nse 
with sucrose 

0 25 u 

Concentration potentials* 


with sucrose 

0 25 M 

VPI 

0 1/0 01 M 

KCl 

0 2/0 1 u 

KCI 

0 1/0 01 u 

KCI 

0^/0 1 U 


mm 

mv 

mv 

mm 

mv 

mv 



2 8 

0 1 

140 

26 2 

4 9 

b 

■■ 

2 4 

0 3 

160 

18 8 

2 0 


* The dilute solution was positive m the external arcuit 


TABLE V 


The Influence of Oxtdatton on the Electroosmosts through Porous Membranes 

{Current 10 in Amfs ) 


Membrane 

Concentration of KCI 
soIuUon 

Electroosmotic flow In 20 minutes 

Before oxidation* 

After oxidation* 


melaHtter 

c mm 

cjnm 


0 001 

2420 

3750 


0 005 

730 

2300 

a 

0 01 

360 

1210 


0 05 

0 

490 


0 1 

0 

360 


0 001 

1690 

2780 


0 005 

1090 

3500 

b 

0 01 

600 

1930 


0 05 

0 

120 


0 1 

0 

— 


* Osmotic nses with sucrose solution as listed m Table IV 


The evidence presented mdicates that careful oxidation does not cause major 
changes m the geometrical structure of coUodion membranes, though mmor 
alterations probably cannot be avoided entirely These changes, however, 
are certainly much smaller than the differences found between different mem- 
brane specimens cast by hand under as constant conditions as possible 
The influence of oxidation on the dynanuc membrane (concentration) po- 
tential of porous membranes is mdicated by the data m Table IV Various 
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concentrations of potassium chloride were used Results obtamed with sulfate 
and atrate solutions are similar The membranes used for these experiments 
were cast from a 5 per cent solution of Malhnchrodt ‘Tarlodion", they were of 
the same porosity as those used for experiments on anomalous osmosis 

Table V s umm a r ises the results of some electroosmosis expenmcnts earned 
out with the same membranes as those m Table IV 

For the electroosmosis experiments, membianes secured to glairs rings were fitted 
with a rubber stopper holding a fi mm wide glass tube. One electrode consisted of 
a plat in u m wire which protruded down through this tube The other electrode was 
in the form of a platinum wire cage surrounding the membrane The membrane 
was filled with an electrolyte solution and placed m a bath of the same solution The 
cuiTcnt in all experiments was kept constant at 10 miHiampercs by TnAnunl adjust 
ment, the effective membrane area being about 100 cm* or slightly Before the 
actual measurements were tnwHr, the current was passed through the membranes for 
10 minutes After this, the zero position of the water meniscus in the tube was 
marked. A current of 10 mOIiamperes was now passed through the system for 20 
minutes and the change m the position of the meniscus noted. From ibU change and 
the diameter of the tube, the electroosroobc transport is easily calculated. The 
quantities transported electroosmotlcally are duectlj proportional to the duration of 
the experiment and to the current apphed, back filtration being negligible. Pro- 
longed passage of the current through the membranes, particularly activated mem 
branes, weakens them appreciably They may be easily destroyed when strong 
currents are applied over a king period of tune. The alkali developed at the membrane 
when the current passes^ is probably responsible for its destructive action.** 

The marked influence of oxidation is apparent. As one should expect from 
theorectical considerations, the relative effect of activation is more pronounced 
with the more concentrated electrolyte solutions 

V 

The oxtdaltcm of coUodxon \n bulk is performed by immersing dry*< fibrous 
collodion cotton m proper oxidmng solutions. After a suitable oxidation time, 

“Bcthe, A., and Toropoff, T , Z pkys Chem 1914, 88, 686, 1915, 89, 597 

** This destruction (previously described for highly dried membranes b> Mlchaehs, 
{BuU Nai Research CouncUt No 69 1929, 135), h accompanied by the dissolution of 
some of the destroyed material In the solution- Therefore the nse of collodion mem 
branes for electrodialyaia seems much less advisahle than is generally assumed, par 
hcnlariy when very high degrees of punty arc required. We are Inclmcd to believe 
that the generation of Soluble impunties may have seriously impaired some of the 
published work on highly purified inorganic colloids 

** Though collodion is generally not explosive, great quantities of dry material 
should never be kept In the laboratory The dry material should always be handled 
whh dne care. 
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the material is washed thoroughly with dilute hydrochloric acid and liberal 
quantities of distiUed water After this, it is dried m the open at moderately 
mcreased temperature It is finally dissolved m ether-alcohol, 5 per cent solu- 
tions were used 

The material which may be most conveniently oxidized is collodion cotton^® 
(native mtrated cellulose fibres) It can be readily obtamed from supply houses 
It may also be reprecipitated collodion, obtamed m the fibrous form by slowly 
drippmg commercial collodion solutions into a great excess of violently stirred 
distilled water For the subsequent oxidation, it makes little difference whether 
native or reprecipitated material is used 
Here, as with the membranes, we tried several oxidizmg agents for varymg 
reaction times at different pH The oxidizmg solutions used were the same as 
those described above As before, the more alkalme solutions of hypochlorite 
and hypobrormte are markedly more effective than those of lower pH For 
reasons outhned above, the oxidation has to be much more thorough in the 
case of bulk coUodion than with membranes 
Immersion of collodion cotton m sodium h 3 q)ochlorite or hypobromite solu- 
tions at pH 6 to 10 for 2 days yielded only moderately active products, treat- 
ment for 16 hours at pH 11 to pH 11 5 was more effective But the loss of 
material mcreases very markedly in the more alkalme solutions Both sodium 
hypochlorite and hypobrormte are less effective activatmg agents than bleachmg 
powder (calcium hypochlorite) solutions Treatment for 2 days with such 
solutions at pH 8 to pH 115 gives comparatively good activation The yield 
IS good, particularly if the reaction is carried out at a pH below 10 
The simplest method of oxidation is the treatment with sodium hydroxide 
0 02 M solution for 5 days is nearly as effective as 0 1 M for 2 days, 1 M for 30 
mmutes, or 2 M for 15 minutes The loss of material xmder these conditions is 
moderate (less than 10 per cent) The activation of bulk collodion with hy- 
droxide IS at least as effective as any other method previously described Mem- 
branes cast from such material are quite strong, though oxidation is always 
accompamed by some lowermg m mean molecular weight, as evidenced by the 
somewhat lower viscosity of the solutions 
By carefully adjustmg the conditions, one can obtain reasonably well 
activated coUodion practically without any loss m mechanical strength (and of 
material) Too thorough oxidation, apart from the loss of material, results m a 
product of poor mechamcal properties Its solutions have a very low viscosity 
and membranes cast from them are somewhat plastic and weak, often too 
weak to be useful for experimental purposes For this reason, the activation 
of collodion cannot be carried successfully beyond a certam pomt The mtro- 
duction of a maximum number of lomzable groups into the mtroceUulose 

Collodion cotton (c g , Baker “Pyroxihn”) comes moistened with alcohol The 
alcohol must be allowed to evaporate before the above treatment is begun 
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molecule is Inmtcd by the ability of the partially decomposed product to form 
mechanically adequate membranes 

With the ondized collodion it is advisable, though not absolutely necessary, 
to use as solvent ether-alcohol mixtures of somewhat higher alcohol concentra- 
tion than that used m commercial ub p solutions (see above) We frequently 
used 35-40 per cent alcohol and 65-00 per cent ether For the preparation and 
properties of dned membranes, the solvent composition, os it seems, is without 
significance, the preparation of porous membranes of any particular porosity 
may be greatly fadhtated by use of the proper solvent mixture. However, for 
the time bemg, we would like merely to mention the solvent influence without 
discussing it further 

The activation of collodion m the dissolved state was also attempted This 
reaction proceeds very rapidly and b difficult to control Therefore, this 
method yielded rather mdifferent results, very pronounced degradation was 
accompamed by only moderate activation 

For the activation of bull, collodion for general experimental purposes, we 
recommend a short (about 20 mmutes) treatment with 1 0 if sodium hydroxide 
solutions. An alternative method mvolves the use of bleaching powder (50 
gm./Uter) solution m the shghUy alkalme range (pH &-10) using long (2 days) 
oxidation periods It b advisable to use a suffiaently large excess of ondipng 
solution (e g » 1 hter molar sodium hydroxide solution for 50 gm- collodion) 
In this way, any desired quantit) of activated collodion can casfly be prqiared 
and large numbers of membranes can thus be cast from the same material ^ 

VI 

Dned membranes prepared from property activated collodion regularly give 
concentration potentiab (0 1 u KQ/0 01 u KQ) of 52 to 54 mv These values 
are appreaahly higher than those formerly obtamed with even the most active 
commercial — now unobtainable — preparations. The concentration potentiab 
of such membranes (usmg 0 01 u KQ/O 001 m K.Q) vary between 56 and 58 
mv at room temperature. The ohmic resistance of such membranes is much 
lower than that of similar membranes prepared from untreated material This 
effect seems to be particularly pronounced with membranes pr^iared from 

Concerning additional methods of activating collodion membranes, we should 
liVi* to mention that some casual attempts to produce sulfunc aad esters by treating 
collodion with sulfunc aad gave negative results. In some other experiments, we 
TTiiTi-H some nitropcctic aad with inactive collodion and obtamed very active mem 
btanes. According to the htcrature (Hcnglein, F A., and Schneider, G., Ber chem 
Ges , 1956, 69, 309), mtropectm (and nitropcctic aad) when prc5)crty prepared, yields 
filmn iimilar to those of collodion Such films of pure mtropectic aad should, as 
our eipenmcnts indicate, be electrocfaemicalty active. 
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collodion thoroughly activated with sodium hydroxide We hope to be able 
to mvestigate this and related pomts later 
In order to characterize the degree of activity of porous membranes prepared 
from bulk oxidized collodion, some data concerning anomalous osmosis are 
summarized m Table VI 

Variations between different batches are more sensitively detected by anoma- 
lous osmosis measurements with porous membranes than by determmations of 
concentration potentials on highly dried membranes 
Activity as good as that of samples a and b m Table are rather rare 
CoUodion ha\Tng an activity similar to that of samples c and d can be obtamed 
easfly and regularly It must be emphasized that the activity of our most 

TABLE \T 


The Influence of Oxidation on the Activity of Bulk CoUodion Anomalous Osmosis 


Mpnhrane mateml 

Osmotic nse inth 
sucrose DOS ii 

AnonuJons osmotic 

nse mth 


mm 

mm 

Commercial (unoxidized) coUodion 

110-1,40 

35-55 

Oxidized collodion sample a 

140 

260 

Oxidized coUodion sample b 

132 

250 

Oxidized coUodion sample c 

130 

211 

Oxidized coUodion sample d 

136 

180 


active porous membranes prepared from bulk collodion does not approach 
the degree of activation which may be regularly obtamed by the oxidation of 
membranes as such 


vn 

Membranes prepared from crude collodion should (accordmg to a precedmg 
paper-) be active, smee crude preparations are bound to contam aadic impuri- 
ties These aadic impurities are formed m the process of manufacture and are 
removed by proper pmification of the commercial preparations Accordmg to 
the technical hterature, crude mtroceUulose is not sufficiently stable for safe 
handling, at least m the dry state Consequently, manufacturers are generally 
reluctant to release any material m the crude state FmaUy, however, we 
procured a sample of crude collodion from the Monsanto Chermcal Company 
VTien dissolved (m a mixture of 65 per cent ether and 35 per cent alcohol), 
its solutions were tmbid and yielded a sediment on centrifugmg (Only centri- 
fuged solutions were used ) The actmty of membranes prepared from these 

For this seimple we are greatly indebted to hir H K. Nason, Assistant Director 
of Research, Monsanto Chemical Company, Sprmgfield, Massachusetts 









K. SOLLNirE, I ABItAMS, AND C W CAUR 


21 


solutions, when tested by means of anomalous osmosis, was somewhat higher 
than the most active Schenng Knhlbaum preparation, on the other hand, they 
were definitely less active than most membranes prepared from collodion oxi 
dized as discussed m the preceding paragraphs Highly dried membranes gave 
values for the concentration potential (KCl 0 1 u/KD 0 01 u) of 50 rav and 
better These values arc similar, or possibly somewhat higher, thnn those 
reported by Michaelis and coworkers, who used membranes prepared from 
Sphering Kahlbaum “Celloidin ** 

Since crude collodion is not regularly available through supply houses or 
other regular trade channels, it seems superfluous to describe product or 
its behavior m detail 


vra 

The results obtained with the oxidati\e activation of membranes lead one 
to infer that the differences observed in the mtmhrancs prepared from various 
brands of cdtlodton (reported previously' *) would disappear on oxidation The 
verification of such an inference would be of importance m providing an insight 
mto the structure of collodion membranes 

The best way to approach the above problem cxpenmentally is to test the 
behavior of such membranes with anomalous osmosis- Table VH summarises 
the behavior of membranes prepared from several brands of collodion before 
and after oxidation The experimental technique was the same as that pre- 
viously sketched 

In order to have reasoflahlc unUormity m tie membranes prepared from the differ 
eat collodions,'* we selected those which gave as nearly as possible the same rate of 
pressure rise when tested with 0^5 u sucrose solution (Table VH a column 2) The 
pressure nse obtained during 20 minutes was taken as indicative of the porosity of 
the membrane. The rises of the liquid in the manometer tube after 20 minutes with 
different electrolytes are given beside the sucrose values (Table VH a columns 3, 4, 
Bnd 5) The values given here were obtained In "repeat ’ experiments, earned out 
without washing the membranes after a preceding similar experiment with the same 
electrolyte concentration. These repeat values are always somewhat higher, as the 
electrolyte has already penetrated the membrane and the proper concentration gradi 
ent B established from the very beginning of the experiment The dectrolyte con 


'• To obtain such structural uniformity with the different brands of collodion, it 
was necessary to evaporate the origmal Schenng Kahlbaum collodion solutions to 
dryness and to redissolve the dry material in ether-alcohol pnor to casting the mem 
branes For the exp er im ents described in T^ble Vn, we adhered to the standard 
advent mixture (75 per cent ether and 25 per cent alcohol) and made the sointions 
uniformly 5 per cent In parenthesis, wo may add that m later experiments “Parlo- 
dion” membranes having a satisfactory porosity were obtained only by Increasing 
the alcohol concentration to 40 per cent 
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centrations used are approximately optimum concentrations for membranes of 
moderately good activity After being thus tested, the membranes were oxidized 
for 3 hours m a solution prepared by saturating molar sodium hydroxide with bromme, 
the resultmg solution havmg a pH of about 5 8 At this pH, the activation is good, 
but not necessarily optimal After properly washmg the membranes, the osmotic 
experiments with sucrose and electrolyte solutions v ere repeated 

The results are shown m Table b It may be noted that on account of the 
poor quahtj' of Schering-Kahlbaum DAB 6, we were unable to obtain a membrane 
of this material which withstood oxidation without damage 

TABLE Vn 


The Influence of Oxtdaiton on the Acimty of Porous Collodion Membranes, Prepared from 
Various Brands of CoUodton Anomalous Osmosis 


1 

2 

3 

4 

5 

6 

7 

8 

9 

Brand of collodion 

a 

b 

Before oxidation 

After oxidation 

Osmotic 

rise 

with 

sucrose 

orsit 

Anomalous osmosis 

Osmotic 
rise 
with 
sucrose 
0 ^ u 

Anomalous osmosis 



il- 

— a 
trate* 

_H. TTCl* 
256 


il- 

— Ci- 
trate* 


fiffj 

nn 

mrt j 

nn 

mm 

mm 

mm 

nn 

llallinclirodt “Parlodion” 

mm 

7 

43 

75 

142 

112 

332 

665 

Merck collodion J 

IB 

14 

54 

112 

110 

124 

290 

650 

Baker collodion u SJ 


6 

48 

130 

120 

116 

338 

670 

Sebenng Kahlbaum CoUo- 

1 








dium “pro analysi** 

125 

8 

32 

121 

140 

IW 

320 

715 

Sebenng Kablbaum CoUo- 









dium “rur Herstellung 









\ on Membranen” 

115 

16 

83 

190 

145 

75 

173 

620 

Scherlng Kahlbaum "Cel- 









loidin” “forgeneraluae” 

126 

70 

228 

410 

158 

117 

340 

635 

Schenng KaMbaom CoUo- 









dium DAB 6 

121 

26 

195 

390 

[ Decomposes on ondabon 


• This concentration was chosen because it gii es maximum effects with membranes of medium activity * 


A comparison of the pressure rises with sucrose solution (obtamed with the 
same membranes) before and after oxidation shows that they are but httle 
changed (Table ^TI, columns 2 and 6) This is particularly true for the better 
(less active) grades of collodion The beha^^or of our membranes with elec- 
trolj-te solutions, however, is most markedly changed after oxidation They 
are aU uniformly acti%e, possessmg far greater acti\nty than even the most 
acti\e commercial preparations The differences between the various com- 
meraal preparations completelj’’ disappear on oxidation, a fact which indicates 
that membranes prepared from different collodions (if they behave fairly 
umforml}’ with nonelectrolj'tes) haxe a fairly similar geometrical structure 
Thus the difference between membranes prepared from different brands of 
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collodion 15 to be found not m differences of their geometncal structure, but 
rather in their different electrochemical characteristics, 

DC 

DISCUSSION 

Most of the points raised by the data which have been presented have 
been dealt with adequately in the foregoing sections. Certain other facts war 
rant further comment and correlation 
It should be said that the proposed methods of activation of cbllodion by 
oxidation are obviously not beyond possible improvement. They are simply 
methods found to be satisfactory with many different collodion preparations 
under varying conditions. 

Concerning the ongm of the oxidized groups in the active commercial prep- 
arations (as well as m the crude collodion), it may be appropriate to mention 
that the strength of the hypochlorite (and hypobromite) solutions we used was 
about the some as that used m technical bleaching solutions, the latter usually 
contains 2 to 5 gm , occasionally up to 25 gm, of “available chlonne” per hter~ 
according to the material to be bleached. Cellulose swells m electrolyte 
solutions, and the native cellulose fibres arc thus quite accessible to the action 
of bleaching agents There is little wonder that considerable oxidation occurs 
dunng the manufacturmg process, particularly if impure raw materials re 
qiunng thorough blcachmg are used. The latter treatment m combination 
with the obviously rather superficial purification of the active collodions (as 
attested by their high ash and sulfate content*), can readily account for the 
activity of certam commercial collodion preparations of poor quahty which 
are no longer available. 

The problem os to why one or the other of our oxidjzmg agents is more or 
less effective under different conditions probably cannot be solved at present, 
too many factors are involved- Among the stncUy chemical factors ate the 
diangc of oxidixmg power m general with changing hydrogen ion concentration, 
the different possibAities of attacking the mtrocellulose in an ondative and 
hydrolyzmg manner, and the correlation of these two processes- 
There arc other problems m which chemical and structural factors are closely 
mterwoven For example, a given ondirmg agent may or may not penetrate 
mto the smaller pores of the collodion, depending on its chemical characteristics, 
particularly its molecular (iomc) size. If the latter is large, it may be unable 
to reach the narrow pores of a dried membrane, imless it first causes consider 
able structural changes of a destructive nature. 

This leads us to a very important pomt, namdy the possible structural 
changes which occur on ondation. We must expect such changes to be much 
more critical with dried than with porous membranes The relative structural 
changes brought about by a certain oxidizing agent may be insignificant in 
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tie Wide pores of a porous membrane, whereas the same absolute change m the 
extremely mmute pores of a dried membrane may easily result m proportion- 
ately enormous structural changes Therefore, an oxidizing agent which gives 
optimum acti\’ation with porous membranes may be very unsuitable for dried 
membranes For the latter, only such oxidizmg agents which cause minimal 
structural changes (c g , acid hypobrormte solution) are suitable Such acti- 
vatmg agents, although they may not brmg about maximum charge density, 
leave the pores sufficiently narrow to give rise to maximum concentration 
potentials 

Our own results lead to the conclusion that differences between active col- 
lodion membranes and membranes artffiaally impregnated ivith protems, 
dyestuffs, etc , are not nearly so fundamental as formerly assumed In all 
these cases, certam lonizable substances, foreign to the pure ideal mtrocellulose 
cause the activity 

The idea of mcreasmg the base exchange capacity of ceUulosic materials 
is certainly not new Years ago, Schwalbe and Becker'® oxidized cellulose 
with the purpose of mtroducmg acid groups and studied the base exchange 
properties of the oxidized products 

A brief explanation of the terms used to describe the activity of our mem- 
branes, particularly the porous ones, may be appropriate Measurements of 
concentration potentials are basically the sunplest way of characterizmg dried 
membranes In our opuuon, sunple potential values which are obtamed ex- 
perimentally are hardly less characteristic than any derived constants which 
may be calculated accordmg to some newer theoretical concepts ® In the 
case of porous membranes, the measurement of concentration potential (or 
anythmg derived from it) gives only an mcomplete characterization For a 
more detailed description of a membrane, potential measurements must be 
supplemented by some sort of electrokmetic experiments (e g , electroosmosis 
measurements) A much more sensitive mdicator of the electrochermcal 
“activity’’ of actual membranes (havmg pores of different diameters®®) is, as 
pomted out before, the extent of anomalous osmosis under standard conditions 
• — as used m our experiments 

Most precedmg studies (as weU as our own) have neglected a matter of 
primary importance, namely, the conductivity of coUodion membranes 
Michaehs and coworkers®' have mvestigated this problem to a limi ted extent 
Conductivity measurements, performed with membranes of different activity, 

'® Schwalbe, C G , and Becker, E , Ber chein Gcs , 1921, 64, 545 

®® Sollner, K., Z EleUrodicm , 1930, 36, 36, 234, SoUner, K , and GroUman, A, Z 
Eiehrochcm , 1932, 38, 274, Tr Elcdrochcm Soc , 1932, 61, 477, 487, Sollner, K., 
Kolloid-Z 1933, 62, 31 

®' Green, A A , Weech, A A and Michaehs, L , J Gen Physiol , 1929, 12, 473, 
also, Michaehs, L , and Perlzweig, W A ,J Gen Physiol , 1927, 10, 575 
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wcmld probably be rather helpful in duadaUng their structure. From the 
experimental pomt of view, the problem of a>ndnctivity is particularly urgent 
with highly dried membranes In the post, investigators have been concerned 
nearly exdusivdy with the dectromotivc properties (concentration potentials) 
of such membranes. By and large, as long as the resistance was not so high 
as to make measurements too difficult or inaccurate, a membrane was con- 
sidered to approach perfection if the concentration potential approached the 
thermodynamically possible maximum. Ordinarily, dried membranes have 
such high dectncal resistance (and low penneabihty for nonclectrolytcs) as to 
make them more or less useless for many pcrmeabflity studies If highly 
selective membranes should be used for large scale permeabflity studies or for 
modd experiments (e g , straight permeability or Bonnan equflibna with uni- 
umvalent strong dcctrolytes), they must combme both high ionic sdectivity 
and low resistance. The oxidation method might concen^bly offer a good 
means of preparing such membranes, however, this possibOity requires further 
experimental investigation. 

Finally, it seems worth while once more to stress the fact that the oxidation 
of membranes influences then behavior towards nondectiolytes only slightly 
and that their geometneal structure is only little affected by such treatment. 
Membranes prepared from different brands of collodion completdy lose thenr 
characteristic differences in behavior towards dectrolyte solutions (Table VH) 
when oxidised (and remam, as nnpliatly said above, rclativdy unchanged m 
their behavior towards nondectrolytes) 

This mdicates that the differences between membranes prepared from differ- 
ent brands of commercial collodion in their behavior towards dectrolyte solu- 
tions have to be sought for primarily m then dectrochemkal structure, tx 
m the number (and nature) of dissociable groups in their surfaces. Particle 
sire and particle size distribution are obviously, at least in the range of the 
mvcstigatcd preparations, only a secondary factor 

With this statement, we do not infer that the differences of molecular weight 
between the different brands of collodion are not important for the spatial 
structure of the membranes What we can say on the basis of our present 
experimental results is that the different commercial collodion preparations 
allow one to prepare membranes having obviously similar geometrical struc- 
tures There are great differences in the ease with which membranes of a 
given porosity (sucrose value) can be obtamed from different collodion prepa- 
rations, particularly if the same solvent mixture is used 

A deeper insight mto the physical and chemical structure of the collodion 
membrane will be possible only after further experimental data are available. 
The most important problem seems to be the determination of the absolute 
charge density at collodion water mterfares and the possible correlation of 
such data to the M^rr-Sievers-Tcorell theory of electrochemical membrane 
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behavior The water uptake and the swelling of coUodion membranes m 
different electrol 5 i;e solutions also await mvestigation We hope to deal 
with these problems m subsequent pubbcations 

SUMMARY 

1 The electrochermcal behavior (concentration potential, anomalous os- 
mosis, etc) of collodion membranes is due to its acidic impurities These 
impurities determme the possible charge density of the collodion — aqueous 
solution mterfaces This (possible) charge density is beheved to be identical 
with the base exchange capaaty of the mterfaces under consideration 

2 The collodion preparations commeraally available at present are too pure 
to 3 neld membranes of suffiaent activity for electrochemical membrane m- 
vestigations Crude collodion, a product which is only partially purified, 
shows considerable electrochemical activity because of its content of aadic 
impurities 

3 The inactive commeraal collodion preparations can readily be activated 
by oxidation by virtue of the fact that oxidation mcreases the number of dis- 
sociable groups (carboxjd groups) on the collodion 

The oxidation method of activatmg collodion may be apphed to membranes 
as such as well as to collodion m bulk 

4 The recommended oxidizmg agents are sodium and calaum hypochlonte 
and sodium hypobromite A further group of effective and recommended ac- 
tivatmg agents are solutions of strong alkahes Alkahes cause a comphcated 
decomposition of mtroceUulose with the formation of mtrites (and probably 
other mtrous compounds) These mtrites act upon the collodion as oxidizmg 
agents, thus causmg activation 

5 Detailed descnptions of tested oxidation procedures for highly dried 
membranes, porous membranes, and bulk collodion are given m the text, the 
optimum conditions bemg different m the three cases 

6 Cohodion membranes oxidized as such show a much higher electrochemical 
activity than any previously described Highly dried membranes after oxida- 
tion give concentration potentials which approach the thermodynamically 
possible maximum more closely than any given m the hterature Porous 
membranes after oxidation show greatly mcreased concentration potentials and 
>neld much greater electroosmosis when a current is passed through These 
effects are reflected m the enormous magnification of the extent of anomalous 
osmosis 

7 The behavior of the porous membranes toward nonelectrolytes changes 
but httle on oxidation The volume of such membranes, as well as their per 
cent water content (pore space), remains constant withm the lumts of experi- 
mental error From this observation and studies on the rate of filtration, it 
IS concluded that the geometrical structure of membranes is but httle changed 
on oxidation 
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8 Collodion oxidized in balk likewise yields verynctive membranes Dried 
membranes prepared from activated bulk collodion consistently yield concen- 
tration potentials which approach the thermodynamically possible mATimnm 
•vxry dosely and are appreciably higher than any previously reported^ Porous 
membranes prepared from bulk oxidized collodion show a degree of dectro- 
chemical activity surpassmg anything described for the most active commercial 
collodion preparations However, these membranes are less active than those 
oxidized as such. 

9 Membranes prepared from different collodion preparations which behave 
fairly uniformly towards nondectrolytcs but very differently towards dec 
trolyte solutions become similar in their behavior towards dectrolytes after 
oxidation 

10 The geometrical structures of membranes prepared from different col 
lodion preparations are essentially IdenticaL The differences m their behavior 
towards electrolytes are due entirdy to the dectrochemlcal factor, » c , the 
charge density at the water/coUodlon mtcrface 

11 Ccrtam general aspects of the foregoing experimental results ore dis- 
cussed bnefly 
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The function of nerve has been extensively investigated for many years and 
careful measurements have been mode of the mitlation and propagation of the 
impulse under a wide vanety of conditions It was only natural that there should 
be numerous attempts to correlate and explain these experimental data The 
general phenomenological theones of ner\ e activity have avTiided the physical 
characteristics of nerve structures and the specific theones have had to con 
sider these properties as undetenmned parameters. It has long been assumed, 
for example, that the axon membrane could be represented electncally by 
capaatj and resistance elements, yet these characteristics have only been 
measured directly in the past few years, Exatation phenomena have also led 
to a few suggestions that the membrane might act as an electneal rectifier 
and to at least one mention of the possfbflity of an mductiv e element m a nerve 

The precedmg papers have presented experimental evidence, mdependent 
of exatation, for the rectification and mductance elements m the membrane 
of the sqmd giant axon (Cole and Baker, 1941 a and b, Cole and Curtis, 1941) 
The various aspects of the evidence should now be correlated and the implica 
tions as to both the physical structure of the membrane and its physiological 
function should be investigated as far as possible. 

The electneal properties of the membrane will for several reasons be con 
sidered in terms of an equivident circuit. Probably the most important of 
these is that the measurements have for the most part been made by a direct 
comparison of the nerve with electneal orcuit elements. However, mforma 
tion m this form is quite usable becnusc the techniques for analyxmg the 
behavior of circuits are versatile and powerful and have been widely used. 
The numencal values and the configuration of the ciraiit elements may then 
be used to describe molecular structure on the one hand and physiological 
function on the other But it must be emphasized agam that any particular 
orcuit Is not necessarfly unique and should not be mterpreted mtuitively 
((Tole, 1928, 1933 a, 1937) To avoid as much complexity as possible at the 
present tnne, we <»hn11 only consider the simplest orcuit, shown m Fig 1, which 
has a reasonable correspondence to the known membrane properties (Cole and 
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Baker, 1941 b) This circuit makes many concessions to simplicity and several 
of the obvious defects will be mentioned later (p 48) Before turning to the 
physiological applications of the circuit, we shall consider the physical char- 
acteristics and implications of the circuit elements themselves 

MEMBRANE STRUCTURE 

Capacity aitd Resistance 

The membrane capacity, C (Fig 1) of the squid axon is about 1 1 ni/cm - 
and it has a constant phase angle of about 75° These values are in the range 
of those found for a variety of other cells, and their significance has been dis- 
cussed recently (Cole, 1940) From physiological evidence, this capacity is 
probably a characteristic of the ion impermeable portion of the membrane and 
the phase angle a measure of the dielectric loss m it For physical reasons, it 
was suggested that the membrane is a highly organized and coherent structure 


Fig 1 An approximate equivalent arcuit for the mem- 
brane of the squid giant axon with capaaty, C, mductance, 
L, and resistance, R 


having a high dielectric constant and a considerable thickness on a molecular 
scale 

The membrane resistance, R (Fig 1) of the squid axon is quite variable, 
but it IS usually of the order of a few hundred ohm cm ^ for small currents, and 
similar values have been found for several other cells This resistance is 
assumed to be a measure of the ion permeability on the basis of physiological 
and physical evidence recently summarized (Cole, 1940) 

Rectification 

However, as the current is increased, it is no longer found that the resistance, 
R, may be considered as a linear circuit element Measurements of impedance 
(Cole and Baker, 1941a) and membrane potential (Cole and Curtis, 1941) 
show that the membrane is a rectifier with a limiting resistance for an outward 
current flow about one-hundredth of that for an inward flow 

It is very instructive to compare the rectification characteristic of the mem- 
brane with those of widely used commercial barrier layer rectifiers, such as 
copper-copper oxide and selenium It is found for Cu-CuO that the hmitmg 
resistance in forward direction ranges from one-hundredth to one-thousandth 
of that in reverse direction and for selenium that this ratio is about one- 
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hundredth Thus the ratio of one hundredth found for the axon membrane is 
quite comparable to that for these rectifiers. However, the simflanty prob- 
ably ends at this pomt Althou^ there has been considerable unccrtamty as 
to the exact mechanism of the bamer layer rectifier action, there to be 
httle doubt that it is an electronic phenomenon It seems rather improbable 
at the present time that there is an electronic conduction m the cell membrane, 
and we are much more mclined to look for an explanation m terms of an wmc 
conduction Such an example has been found by Blinks (1930) m a dned 
collodion membrane separating different electrolytes, where the rectification 
was accounted for by the raobihty of the permeating ion forced mto the mem- 
brane by the apphed field 

One might also consider the possibility of a conduction by potassium ions 
alone It seems reasonable to suppose m such a case that both the concentra 
twn and the mobility of this Ion are quite small in the membrane structure 
itself If the concentration is governed by partition coeffiaents at the two 
interfaces we may expect a concentration gradient within the membrane com 
parable to the external concentration gradient When there is an mward 
current flow, a steady state will be set up m which the mitial low outside con 
centration of potassium ions will be decreased by the ions crossmg mto the 
membrane. At the inside the potassium ions are readily taken up os they 
emerge from the membrane and the concentration at each pomt in the mem 
brane will be reduced The overall effect wifi then be an effective mcrease of 
the membrane resistance. For outward current flow, the large supply of these 
ions available at the inner face of the membrane is augmented b> the current 
flow, and at the outer face only a relatively low equilibnum concentration of 
the ions is possible As a consequence of this large supply and small delivery 
the concentration may be expected to mcrease at every pomt and so to decrease 
the resistance. 

This picture has not been put mto quantitative terms, and it may be simpler 
to consider it m terms of potential barriers at each mterface which are then 
alternative expressions of the partition coeffiaents. One may then anticipate 
a resistance-current relationship of the form R — + Ri Unh t/t, and the 

observed rectification curves are of this general form However, it seems 
premature to compare the experimental data with such an analytical expression 
until each has established on a better basis than at present. It is obvious 
however, that the rectification characteristics will at least be an important 
guide m the formulation and verification of the nature of the mechanism 

Indudcnce 

The idea of a membrane capaaty is easy to rationalize and it has not been 
particularly surpnsmg to find that the axon membrane acts as a rectifier, 
although the effiaency may be rather unexpected. It is quite another matter 
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to find that the membrane has the electrical characteristics of an mductance 
In ordmary experience an mductance is a characteristic associated only with 
the storage of energy m a magnetic field, and it is singularly difficult to imagme 
a membrane structure which would allow an electromagnetic field correspond- 
mg to more than a few microhenries This could be ignored but the actual 
membrane mductance of one-fifth henry for a cm ^ cannot 

Although the concept of mductance was origmated to express electromagnetic 
phenomena and our standards of mductance have long been electromagnetic, 
it IS not necessary to restrict the use of the term to this field An mductance 
may be defined by means of the relation of the current, 7, and the voltage, V, 
m a manner analogous to the operational defimtion of a resistance, R, by Ohm’s 
law, V = RI Then anything m which it is found that the potential difference 
is proportional to the rate of change of current is an mductance, electrically 
spe akin g, and it is measured as the factor of proportionahty, L,mV = L dl/dt 
S imil arly, the defimtion of capacity, C, is 7 = C dVfdi Tummg to the energy, 
we find that T = 112 LP for the mductance, U = 1/2 CF“ for the capacity, and 
the rate of dissipation F = RP for a resistance, completely irrespective of the 
ultimate mechamsms by which the storage or dissipation of energy may take 
place 

However, to pomt out that an mductance can be defined without reference 
to a magnetic field is hardly a satisfactory explanation of the very large mem- 
brane mductance And mdeed it will not be possible to give a complete 
explanation except m terms of the membrane structure On the other hand, 
it may be possible to make the existence of a membrane mductance seem less 
unreasonable by examples of purely physical structures havmg mductive char- 
acteristics without a correspondmg magnetic field 

One example is the carbon filament mcandescent lamp In this mstance 
the explanation of the mductance is relatively simple, and is easily understood 
by a consideration of the current flow after the apphcation of a constant voltage 
to the lamp At the first mstant a current will flow correspondmg to the cold 
resistance of the filament The filament then begins to heat as a result of the 
current flow at a rate dependmg upon its heat capacity and to an extent deter- 
mmed by the heat losses However, a carbon filament has a negative tem- 
perature coefficient of resistance and consequently the resistance becomes less 
than it was mitially Smce a constant potential was apphed the current rises 
from the mitial value as an exponential fimction of time and finally reaches a 
constant value These electrical characteristics are, however, identical with 
those of a resistance and mductance network, and it is possible to calculate 
the thermal characteristics of the lamp from the electrically eqmvalent struc- 
ture When measured m a Wheatstone bridge it is found that such a lamp has 
an mductive reactance at aU frequenaes and that the equivalent network of a 
60 watt lamp reqmres an mductance of 30 henries A much more dramatic 



KENNETH S COLE 


33 


example of on mductance of thermal origin is found m the recentl> developed 
Western Electric 1 A Thermistor (Pearson, 1940) In this device a bead of 
uramum onde is mounted on t^o platmum wires and sealed m vacuum This 
material also has a negati\'e temperature cocffiaent which with the heat capac- 
ity and losses gives the Thermistor an inductance of many hennas It is not 
impossible of course that the cell membrane has similar characteristics, but this 
particular mductance mechanism probably has little value to us except as an 
example of a non magnetic mductance 
There is another and more common dass of inductances ansmg from mechan 
ical motions, and the most familiar example of these is the plexoelectnc crystal, 
such as quartz or Rochelle salt A potential difference applied to two elec- 
trodes on one of these crystals tends to change its shape, and conversely if Its 
shape IS changed mechamcally a potential difference will appear between the 
electrodes. When the crystal Is not constrained, its distortion after the appli- 
cation of a constant potential to the electrodes depends upon the mechanical 
characteristics of mass, elastiaty and dampmg As this distortion takes place 
the eicctncal charge generated modifies the current flow from the outside 
circuit m just the same manner os an clectncal circuit containmg resistance, 
capaaty, and inductance In this electro-mechanical system the mductance 
IS determined by the mass of the crystal, the capaaty by its elasticity, and the 
resistance by the mternal and external frictional losses When the alternating 
current has a frequency about that of o natural mechamcal frequency of the 
crystal, the mechanical vibrations may have large omphtude and the electrical 
reaction on the circuit is particularly powerful The crystal may then control 
the frequency of the associated circuit with a high degree of accuracy and serve 
as a standard of frequency and time A common type of quartz crystal about 
1 cm. square and 1 mm. thick with a natural frequency of 2 megacycles is 
found to have an inductance of about one-tenth henry or approximately half 
the inductance of a similar area of axon membrane 
It may seem quite unreasonable to suppose that the axon membrane may be 
piezoelectric with a natural frequency of a few hundred cycles, but m the pres- 
ent state of our information this possibility cannot be excluded There is a 
potential difference across the membrane and probably a very high electrical 
field strength givmg nse to considerable mechamcal forces. Any alteration of 
the field strength by an externally apphed potential may be expected to alter 
the mechamcal stress A resultant deformation reactmg on the membrane 
potential difference might then be measured electrically However, for a crystal 
as thin as the axon membrane presumably is to have a natural frequency of a 
few hundred cycles requires a very high density and very small cocffiaent of 
elastiaty But this may not be impossible if the membrane has the laminar 
structure proposed for the mj’ehn sheath on the basis of i ray evidence 
(Schmitt, 1936) This picture of parallel lipo-protem sheets separated by 
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aqueous lasers IS higlilj su}'j;csti\c of {liccolloitl onrcn.Uts ';ucli as licntonitc, 
in which Ihc micro-struclurc, as in the tobacco mo^^uc \irus, m mamtainrfl hj 
the interaction of the ion atmospheres (Lanj'miiir, 10^8) It is jKissihlc 
that the forces holding .i pirticular particle in its equihhrium jmsition 
may be small compared to the mass of the jiarticle, and tiu n.itiiral frequenej 
of oscillation about the equilibrium ma\ be of the order required b% the 
membrane measurements 'I here is of course no direct eeidcncc to support 
this suggestion, but obseraations on the double refraction of bentonite ^ols m 
an alternating current field (Mueller, 1019. Norton, 1910) .arc at least helpful 
Here it is found that the sign of the double refraction at .i friquencj of the 
applied field abo\e about 200 c\clcs is opposite to that obtained at loucr 
frequencies We maj then e\]Kct that impedance me I'^urements of thc^^c •^ols 
will also show a change of sign of their react.ince in this same frtquenc) range 
although the measurements maj be somewhat obscured b\ surfaie conductance 
effects 

If we consider structures containing sources of cnergs, the ixissihlc inter- 
pretations of an inductive reactance arc almost unlimited In general wc can 
only say with ccrtaintj that the membrane structure is sudi tint it gi\cs rise 
to a potential difference during current flow which is proportional to the rate 
of cliangc of the current 

In tins discussion of the possible sources of inductance it h is been empha- 
sized that the common association of an inductance with a magnetic field ma> 
be misleading, and it is equally apparent that the common association of a 
capacity with a dielectric ma> be cqualh misleading 1 here has been little 
reason to question the apphcabihta of this concept because it ga\c so satis- 
factory a picture of a thin membrane It h.as alrc.ad\ been mentioned that the 
elasticity of a piezoelectric crjstal giaes rise to a capacita This capacit> 
element is separate and distinct from the dielectric capacit\ of the cr\-stal 
which may be obtained when the crjstal is constrained and cannot react 
mechanically to the electric field Also we find that there arc capacities of a 
thermal origin and as may be expected the) arise from a positia e temperature 
coefficient of resistance A 3 watt tungsten lamp, for example, has been found 
to have a capacity of about one thousand microfarads As a consequence we 
must also be prepared to discard tlie simple and obvious interpretation of the 
membrane capacity measurements 

Until there is more complete evidence as to the nature of the membrane 
structure and function we have no reason to assume tliat these physical meas- 
urements must be explained m terms of physical structures analogous to tliose 
which have been used for illustrative purposes On the contrary, it is prob- 
ably safest to consider the membrane as far as possible from a phj’sical-chemical 
xnewpomt m which no sharp division can be made betw een phj^sical and clicm- 
ical phenomena as has often been done For example, let us assume that the 
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^Tinables of the general two factor formulations of eratation (p 43) can 
actually be identified chemicallj, as ions for example, and that the changes 
of the difference m these ion concentrations correspond to changes of the 
membrane potential difference. As will be shown, this is electncally equtva 
lent to on mductance, capaaty, and resistance, m equations (7) and (8), and 
the measurements of these elements then constitute an analysis of the chemical 
kmetics of the membrane system If we wish to describe the membrane 
phenomena m purely chemical terms, as is perfectly reasonable and possible, 
It then seems quite probable that the electrical measurements as the> stand 
contain by far the most accurate and detailed chemical information available 
at the present time for the axon membrane. 

UEUBRANE RESPONSE 

We shall turn now to the performance of the membrane as a whole, both by 
itself and m relation to the rest of the axon It is convenient to divide the field 
mto the two regions of (1) passive or subthreshold phenomena, and (2) active 
or threshold phenomena. These regions probably should be separated accord 
ing to whether or not potential energy is released, but for the present the terms 
will be used without careful definition. 

Subihrcskold Poknhal 

The subthreshold phenomena will be considered first m terms of calculated 
and measured electrical potentials When a current flows through any part 
of an axon having an appreciable resistance or impedance, it a obvious that 
there will be a change of potential. These potentials may be roughly classified 
as hnear and non-hncar For sufficiently small currents, the potential differ 
ence is proportional to the current and the fiictor of proportionahty is the re- 
sistance for direct current and the impedance for alternating current When 
the alternating current characteristics arc known it then becomes possible to 
calculate tbc Hn^r subthreshold potential difference for the apphcation of any 
KtTiflll current The equivalent circuit of Fig 1 is, however, an approximate 
representation of the altematmg current diaracteristics of the membrane and 
may be used directly 

For a square centimeter of membrane, the capaaty, C, m this circuit is 
about 1 microfarad, and for simpUaty the dielectric loss will be ignored The 
resistance, R, may have a restmg value m the neighborhood of 300 ohms per 
cm.* for small currents, and the mductance, L, is about one-fifth henry If 
now r* 13 the potential difference across the membrane at one pomt and Ih is 
the current density at this point, the relation between these two quantities at 
any time is given by the ordinary differential equation 

ic^ + iec^ + «. - £ ^ + 
dfi di at 


( 1 ) 
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This IS a familiar ‘second order difTtrcnlid (runlion i itli rriii't mt cnrfiicirnls 
and the methods of ‘solution are wdl liioun and direct Ho .c\ir, a*^ tlic 
current is increased l)C\ond ptrh ips 1(1 jxr rent of rhcoln'r, it In^ I>'"(n fcainci 
Uiat the resistance, R, i<; a rcc-tificr cicnunt h.u inp a lo.'cr rc'^i'^tirirr for an 
out)\ard flow of airrent and .i hiplar rc‘;i'’l uirc for inv ird flo ' I hi proper!) 
ma\ be exprc'i'^cd in the form v/t — R(:) where t the [Kitentnl differenrc 
across and j tlie current throuph the element, and vc Inec 

ai^ di r 

for the non-linear subthreshold potentnl I he ‘^oluticui of thi*^ rf|intion v ith 
the \ariablc cocflicients Ins been found for •-onu in iKtii d form of R(i), but 
tlie solution must be obtained b\ mimerii d, prapfural, or mechanical intcrra- 
tion when R{i) is gnen in numerical or prapliird form onl\ If vc turn no \ 
from the consideration of a single point on the nu mbrine to a tre atment cif the 
a\on as a whole we must allow the potentnl and nirrent to \ ir\ "’long the 
length of the a\on as well as with the time I ciuition (2) n then to be re- 
placed b) the partial differential tcjuation 

^ ~ -f r„ " i — -f (3) 

OP 01 vS 

As jet tliere has been no indication that the e’ctcrior and interior of an .exon 
arc anji-hing but clcctroljtic conductors and these ma\ be expressed as the 
resistances ri and r- for a unit length of axon 1 lien w ith the ordinarv assump- 
tions of a negligible radial potential difference inside and outside the membrane 
and a negligible longitudinal current flow in the membrane we obtain 

«= (r, -f r )»„ , (4) 

w'here ?m is now the current per unit length This becomes the usual cable 
equation if the membrane is a pure resistance, r„ for a unit length, and the 
relation between v„ and tm is gnen bj = rr,in In the present case, how- 
ever, this relation is gi\ en bj" equation (3) and the axon bcliax lor is complctcl) 
determined bj”^ the two equations, (3) and (4) In general the membrane 
current, im, cannot be measured directly under anj particular experimental 
conditions and only the externall)' applied current, 7o(/), is known The part 
of this current wdiich crosses the membrane, /(/), aptlj' termed the “pene- 
trating fraction” by Rushton (19376), is readilj' found and we hax'c the further 
relation 


7(0 = /»«(*, 0 dx 


(5) 
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to be satisfied for each electrode In the case of no apphed current, /(/) ^ 0 
The behavior of the nerve model tmder any set of conditions is then to 
be found by solving the three equations (3), (4), and (5) The complete 
solution of these partial differential equations is a difficult and laborious 
procedure which has not yet been earned out for even a single problem, and 
there are at least ns man> pwssible problems ns there have been experiments on 
nerve. The effect of the presence of inductance and rectification elements m 
the membrane may, however, be illustrated by a few special cases and appron 
mate calculations 


Constant Current 

When a small constant current is apphed uniformly to a umt area of mem 
brane, the subthreshold potential may be calculated by equation (1) or from 
the circuit of Fig 1 This potential will be over-damped, cntically damped, 
or imder-damped and os cillato ry accordmg as the resistance R is greater than, 
equal to, or less than 2 -s/lJc Also the potential will have the same form for 
both directions of current flow For lar^r currents, the non linearity of the 
resistance, R, must be taken Into account It is obvious that under an anode 
where the membrane resistance is increased, the circuit will be more and more 
highly damped as the current is made larger and that the damping will be 
progressively decreased under the cathode. A rigorous calculation of these 
potentials from equations (3), (4), and (5) has not been attempted, but the 
graphical mtegrations of equation (2) have been earned out assuming a uniform 
density, as shown in Fig 2 To compensate in some degree for not solvmg the 
partial differential equations, the apparent rectification curve for the applied 
current (Fig 4, Cole and Curtis, 1941) was used rather than the otherwise more 
appropriate curve for a uniform current density (Fig 5 of that paper) 

The curves of Fig 2 exhibit the same characteristics as the squid axon 
membrane potentials (Cole and Curtis, 1941) and Septa aioa potentials (Ar- 
vanitaki, 1939) Dunng current flow at the anode, the damping and conse- 
quently the effective time constant during the rismg phase of the potentials 
Increase with Increasmg current, and the final steady levels of potential m 
crease more rapidly than the applied currents. The cathode potentials show 
progressively less damping until they ore under-damped and oscillatory with 
the steady levels of potential rising less rapidly than the applied currents. 
The quahtative agreement between these rather crude calculations and the 
experimental results is sufficiently good to be considered as additional evidence 
that the electneal picture of the membrane given m Fig 1 is essentially correct. 
It is certainly mdicated that the Septa axon membrane is a rectifier In view 
of the direct evidence for the squid axon and the similarity of the behavior of 
the Septa it is difficult to beheve that the Septa membrane does not have a 
similar inductance element There is, however, a discrepancy m the frequency 
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of the oscillations I or a zero incmhr.inc rtsislanrf llir fyilcntial'- uill ha\c 
u maMimim frequcnc) jinen I)\ lo ' l/2”\//( Lsmj' the \aliirs of one 
microfar.u!/cni - obtnincfl from the tnn''\ir<'e imprfliiur im i''iirrnirnls and 
the one-fifth hcnr\ cm - from the lonjMitulinal measurement'', ve firul a fre- 
qucnc\, to = ^30 cvclcs/seronf) ] hi Srf’tn fl.ita /'t\c 'ome.Unt lover 
frequencies, as would lie c\|)Li.te(l het iiist of the fhm})in;', hut the data of I ip 
2 (Cole and Curtis, 1011) piec m irh a(K) c\(lfs 1 nid the re is/)rr, for this 
difTcrcncc art clear or until all of the ne< < ‘Nire riu isur<’merits (an !>'' made on a 
single a\on, it will he assumed that this lad of agreement i . v ithin the range of 
variahihta of the .i\ons and their propt rtn s imdc r t xju rinu ntal ( onditions 



Fig 2 Approximate grapliical cxilculation of sulithri'shold potmtiah from meas- 
ured membrane dnracterisiio Changes of numbnine potential, at anode and 
catliode, vs time, T, after the application of constant currents of 0 25, 0 5, and 1 0 
rheobasc Increase of potential at anode is upward 

The most striking oscillations of potential lia\ c been obtained b\ \r\ anitaki 
(1939) m partially decalcified preparations With decreasing calcium, the 
damping with an applied current is decreased In the extreme case the 
damping has become zero or slightlj ncgatiac, with no applied current The 
oscillations of potential arc then spontaneous and the} increase in amplitude 
until excitation occurs It wall be particularly interesting to know whether Uic 
entire form of the rectification cur\ e of the membrane is diangcd or onh tlic 
point on the curve corresponding to zero current flow is altered under these 
conditions 


S//or/ Ftilsc 

This formulation of tlie electrical properties of the membrane should be 
equally applicable to the measurements of Hodgkin (1938) on the subtliresliold 
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potential changes in the isolated single crab axon with the application of a 
short shock, and those of Pumphrey, Schmitt and Young (1940) on the squid 
axon However this Is apparently not the case since the approximate mtegra 
tion of equation (2) used above does not give the characteristic responses found 
by Hodgkin This is evidence that the equivalent circuit of Fig 1 is not 
adequate for this preparation and experiment If the circuit also foils to 
represent the behavior of the squid axon after a short shock, it follows Imme- 
diately that the actual and calculated membrane potentials do not agree dunng 
the initial phases of the application of a constant current However, as has 
been pointed out, the amplifier characteristics have obscured the actual be- 
havior of the membrane potential at short times (Cole and Curtis, 1941), and 
this prediction cannot be verified from the present records. But Hodgkm^s 
records make it rather probable that the simplifications of either the circuit, or 
the calculations, or both, are not always justified 

Elcdnlontc Polcntial 

Suppose that an axon is m a moist chamber, or m a medium restricted by a 
close-fittmg insulating trough, with two very narrow electrodes apphed some 
distance apart At the first instant that a direct current is applied, the entire 
membrane current will flow through the capaoty because the rectifier and 
particularly the inductance very effectively oppose a sudden charge of current 
m that branch The membrane current density at the first instant, although 
theoretically Infinite under an electrode will decrease symmetrically on each 
side of the electrode and the distribution at the other electrode will be identical 
except for sign As time goes on, the current is increasingly transferred from 
the condenser to the mductance-rectifier branch until, when a steady state is 
reached, the current is entirely governed by the rectifier The current flow 
near the anode is entirely mword and consequently the membrane resutance 
Is increased In this region Since the current and voltage are no longer chang 
ing with time, equation (3) reduces to e. — i2(t«)/«, and now we may calculate 
the membrane current density at different distances from each electrode by the 
data of Fig 4 (Cole and Curtis, 1941) in a manner analogous to that used in 
detcnnmmg the membrane potential as a function of the current density 
This leads to the results shown m Fig 3 for three values of anode and cathode 
current. Quite apart from the analysis, the underlying development of these 
current distributions is casilj seen quahtativcly A small current from the 
anode maeascs the membrane resistance immediately under the electrode and 
so tends to divert the current from this region As the current is increased it 
must spread farther along the axon before it can penetrate with reasonable 
case At the cathode the situation is reversed, because the decreased resistance 
under the electrode reduces the necessity for the current spread that would 
otherwise place, and the current concentration becomes rela tively larger 
the higher the current Then the characteristic length, X ■» *\/i2/(fi + ri) 
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may not be a fixed and invariable property of anj axon in a stcafl> atalc aa ha'; 
usually been assumed m theories of exritalion and prop ifMtion 
It has been known since the time of Pfl(lj;cr that anclcclrotonus had a some- 
what uidcr spatial distribution than ratalcclrotoinis, and if the olcctrotonus is 
directly related to the membrane current flou, this is exidcncc to indicate tint 
otlier axon membranes also have rectification properties 

Propafiain} Impulse 

Turning now to the propagated impulse, we max reconsider the diflicullics 
m correlating the phenomena during the rising jihase As Ins been fioinlcd 
out (Cole and Haker, 19 lie), the outward current flow during the fool of the 
action potential should produce an impcelancc dccre isc if the common assump- 



Fig 3 Steady slate mcmlimnc current dtnsitx, ordinate, for narrov e]cctrodc:i 
and currents of 0 25, 0 5, and 1 0 rheolncc, calculated from measured membrane 
diaracteristics The unit of distance, abscissa, is the cliamctcristic length for small 
current 

tion of an increased ion permeability of a membrane under a cathode is x’alid 
However, the impedance cliangc was negligible before the point of inflection 
(Cole and Curtis, 1939) although the steady state effect of current flow was as 
predicted (Cole and Baker, 1941(7) Tlic contradiction then remains on the 
basis of a capacity-resistance membrane structure and the eflcct of the in- 
ductance element should be considered 

The foot of the action potential has been found to be accurately exponential 
m form in Niiclla (Cole and Curtis, 1938) and in the squid axon (unpublished 
experiments), and tins form is to be expected, in a capacity or capacity -re- 
sistance membrane, ahead of a sudden partial short arcuit of Uie membrane 
movmg with a constant velocity along Uie axon (Cole and Curtis, 1938) We 
may now extend this calculation to include any form of membrane impedance 
so long as it is linear, r c , if the effect of the rectification may be ignored 
Thus the observed exponential form agrees with tlie impedance observations 
m requirmg that the membrane rectification is not involx'cd m the foot of the 
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action potentiaL But this requirement can only be met if both the potential 
difference across, and the current flow through, the rectifier element are so 
small that its non-hnear characteristics axe ne^gible. Subject to verification, 
we may assume the resistance of Fig 1 to be Imcar and to have a value of 300 
ohm am* and calculate the potential and current during the foot of the action 
potential For the membrane capaaty, we have the current — C dV/di, 
and if F « Fi «*/•’ during this period, I, = CV/r where r is the time constant 
of the action potential foot For the mductance-rcsistance arm of the circuit, 
V ■= RIm 4" L dlu fdiy from which /* = F/(i2 + -f^A) Then when r 10^ 
sec,, t/C » 100 ohms and ZA = 2000 ohms. Thus we see that only 5 per 
cent of the total current flows through the resistance and mductance arm and 
that only about 15 per cent of the action potential is across the resistance. If 
the action potential is 50 mv and the pomt of inflection is at 25 mv,, the cnpac 
ity current at this time will be 250 n amp /cm * The current density through 
the rectifier will be about 12 n amp /cm,* at this time and the potential across 
It will be about 3 6 mv From Fig 5 (Cole and Curtis, 1941) it b seen that 
these values of current and potential difference lie so near the ongm that the 
potential difference is practically proportional to the current, Smee the 
membrane has not entered the non linear range it may be considered as a simple 
resistance. With the current flow m this arm and potential difference across 
the resistance *nmll, we must conclude that the mductive element effectively 
removes this arm from partiapation m the foot of the action potentiaL For 
alow changes, on the contrary, we may expect the mductance to become less 
effective and allow a larger potential difference and current flow for the rec- 
tifier dement. These conduaions find conadertblc confirmation in unpub- 
lished records of the form of the action potential during passage through a 
polarized r^on It has been found that the time constant of the foot of the 
potential remains the same for anoclic and cathodic current flow as the un 
polarized axon. Also, the recovery of polarized nerve is slower under the 
anode and faster imder the cathode than normal, but the effect of change of 
velocity of propagation has not been mvestigated 

After the application of a constant current, it would be expected that the 
paths of the current would vary In a similar manner The current flow through 
the inductance and rectifier should be nc^igible at the start and pass through a 
pomt of mflcction as it builds up to the steady state value. The impedance 
of the membrane should then show simflar characteristics as the current flow 
modifies the apparent resistance of the rectifier, and a few unpublished records 
of the impedance change during current flow show the expected charartensbes. 
Thus we may condude that, on the basis of the evidence available, there is 
good reason to beheve that the equivalent circuit of Fig 1 is an adequate corre- 
lation ftnd representation of the observed characteristics of the squid axon with 
the subthreshold potentials at mtcnnediate and long tunes. At short tunes 



42 


RECTinCATION AND INDUCTANCI IS SQUID GIANT AXON 


the computations arc ccrtainK unsatisfactory, and it is .ilso quite iirohahlc 
tliat we have here additional c\ idcncc that the simjilc circuit is not a complete 
representation of the membrane 

Thrcshohl nnd I^vcilahility 

So far, attention lias been centered on subthrcsholfl potentials diirinj; current 
flow and tlic foot of the action potential as mtasurctl indcpenrlent of excitation, 
and a considerable degree of consistency has been found, along with a number 
of unsatisfactory' aspects Tlic temptation, however, is very strong to ignore 
the difTicultics for the present and turn to evcit ition I Ins v or! is only a 
preliminary step in the dcscnjition of nerve function until it can be extended 
to include excitation and propagation phenomena 1 he qualitative description 
of these phenomena in terms of a membr.ine brealdown Ins been so satis- 
factory' that It IS certainly not expedient to desert this picture until it can be 
shown necessary to do so We may then expect tint the two crucial steps in a 
quantitative description of the phenomena arc (1) the conditions for this 
breakdown to occur, and (2) the nature of the breakdown Hut it must be 
admitted at the present time that there is no satisfactorv description of either 
of tliese two steps As a consequence it has been necessary , in order to formu- 
late the initiation and propagation of the nerve impulse matlienntically , to 
make largely unsupported assumptions as to the nature of these tv o steps It 
Is possible to assume a variety of membrane circuits and assume that a critical 
charge, potential difference, or current flow, etc, in anv of the elements will 
result in a change in one or more of the elements of capacity , resistance, in- 
ductance and EMF It has been shown that several combinations of these 
a priori possibilities can indeed describe various nerve phenomena rather well, 
but It seems certain that many other — although perhaps intuitively less 
satisfactory — permutations of assumptions may' do equally vv ell 
We should, therefore, not consider these comparatively specific theories in 
detail but go back to the experimental data vvhidi they attempt, more or less 
successfully, to correlate Almost without exception Uiese data have been 
data of excitation and it appears to hav'c been too optimistic to liope that it 
would have been possible to determine both the structural and tlic functional 
characteristics of nerve from these functional data alone 
These functional data, however, are the backbone of classical electrophysiol- 
ogy of nerve, and they form a self-consistent picture as pointed out qualita- 
tively by Cole (1933 6) The quantitative correlations were carried out by' 
Rashevsky, 1933, Monmer, 1934 and Hill, 1936 as two factor tlieories in which 
one of the factors, U, tended towards the excitation and the other, F, away 
from it All the formulations may be considered as special cases of general 
equations set up by Young (1937) 
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- buU + iaV + ail 
6V 

-^^kuV + kaV-\‘OtI, 

vrhere 7 is the stimulating current, ai and a* arc constants, and the k^5 are 
veloaty coeffiaents, from which the two time constants may be dcnvcd 
These equations have been considered from a general conventional mathe- 
matical viewpomt by Young, but we may consider them m a more informal 
manner smee it has usually been assumed that excitation is governed only by 
the difference — T' = 0, which we may call the cxatabQity 
The two simultaneous first order equations (6) may now be repbeed by a 
smgle second order equation (Forsythe, 192P) as was mentioned by Rushton 
(1937a) for the form considered by Hitt Then equations (6) may be put m 
the form (ParracL, 1940) 


<P6 dd 

— (*u An) ^ + (AiiAn ■” AaAn)® 


• KAn + — (ia + An)oJ7 


This equation correbtes a vast amount of data as reviewed by Kata (1939) 
for vanoos forms of electneal stimuh, square pulse, condenser discharge and 
charge, and alternating current However, a difficulty arose when an oscil 
btory exatabihty was found for a single frog fiber by Erbnger and Bbir (1936) 
This phenomenon was mvestigated m more detail and particularly in rebtion 
to nerve calaum and alternatmg current threshold by Monmer and Copp6e 
(1939) and it was concluded that one of the two time constants m Monnier's 
formubtion would have to be a complex quantity 

It can be shown quite generally that under certain conditions U and V may 
be oscilbtory (Forsythe, 1921*), and these conditions have been apphed to 
popubtion problems byLotka (1925*) and repetitive discharge by Householder 
(1939) Considermg only the exatability, xt is seen that equation (7) has an 
osdlbtoiy solution when ku and kn are of opposite sign and {ku. — An)* < 
4AiiAii These arc then the conditions for complex time constants m the sense 
of Monnlcr and Copp6e and m other cases the time constants are real Thus 
we see that equation (7) for the exatabihty of a nerve can represent a very 
considerable amount of the avaibble data 


Page 350 
Page 342 
Page 78 
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If we now may represent the axon membrane by a capaaty, mductance, and 
constant resistance, the relation between the potential difference across it, V, 
and the current, /, given by equation (1), is 


(PV , RdV . 1 „ 

-j 

dr- L dl LC 


1 ^ 
C di 



( 8 ) 


This equation also has an oscillator}’' solution when R < 2-^ L/C, and two real 
time constants for R > 2y/L/C The similant}’' of equations (7) and (8) is 
highly suggestive, and one is tempted at this pomt to identify the exatabihty 
6 with the membrane potential, F, and combmations of the k and a coeffi- 
aents with R, L, and C It is obinously possible to replace the various quanti- 
ties and coeffiaents defined only b}' exatation measmrements with constants 
which are phj’sicaU}'' defined and measured without reference to exatation 
Then aU data which are represented by equation (7) may be represented 
equally well by equation (8) if the numerical values of R, L, and C will permit 

It has long been a favorite assumption that exatation took place when a 
threshold change of the membrane potential occurred Quahtative support 
for this assumption is seen m the records of the potential foUowmg the apphca- 
tion of a constant stimulus As the threshold is reached the action potential 
appears to begm at the tune of the first minimum of the subthreshold potential 
(Cole and Curtis, 1941) The recent mvestigation by Pumphrey, Schmitt, 
and Young (1940) of the exatabihty and local potential foUowmg short shocks 
also mdicates a close correlation between these two quantities Consequently 
we are entirely justified m assuming a close relation between the two, but for 
the present it is not certam that a simple proporbonahty apphes for all types 
of stimulation Furthermore m repetitive response to a constant stimulus the 
successive exatations take place at approximately the tunes when the succes- 
siAe maxima of the subthreshold potential would be expected (Arvamtaki, 
1939) However, suffiaent data are not a^ilable m such experiments to 
satisfactonl} define the time at which exatation takes place and determine the 
membrane potential at that pomt 

On the other hand, m the propagated impulse it does seem very plausible 
that exatation takes place at about the pomt of inflection of the nsmg phase 
of the action potential, and it has often been assumed that a threshold change 
of membrane potential has occurred at this pomt From unpublished records 
of the membrane potential durmg the passage of an impulse through a polarized 
region there is CAidence that the potential at the pomt of inflection depends 
upon the polarizmg current and also that the difference between this potential 
and the steady state potential depends upon the current In other words, it 
has not \ et been possible to find any membrane potential or change of mem- 
brane potential haAing a i-alue at the pomt of inflection which is mdependent 
of the polarizmg current 
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Althougb equation (8) may be solved for all possible forms of stimulatmg 
airrent, the general features are most easQy seen for alternating current stimula 
hon The current necessary for a constant value of the potential difference 
may be computed directly as a function of frequency from equation (8) It 
Is also proportional to the reaprocal of the absolute value of the impedance of 
the eqmvalcnt circuit of Fig 1 The memb rane impedance has a maximum 
for all values of the dampmg, ij » R's/c/L, less than 0 7 and at a frequency 
below the natural undamped frequency 1/2 r\/LC as seen m Figs, 3 b, 5, and 
7 of the previous paper (Cole and Baker, 1941 h) An optimum frequency for 
exatation is then to be expected somewhat below 330 cycles for the squid axon 
membrane Adequate data are not avaOable, but preliminary results between 
150 (^xles and 200 q^Jes at least mdicate that the orders of magnitude of the 
membrane capaaty, C, and mductance, jC, are correct. 

The eiatabihty oscillations at a frequency of 200 (ydes (Erlangcr and 
Blair, 1936, Monnlcr and Copp6e, 1939) and optimum frequency for alternating 
current exatation from 100 to 250 cydes C^atx, 1939, Monnier and Copp6e, 
1939) for the frog saatic nerve are too near the region of the undamped natural 
frequency of the sqxud membrane to be ignored This approximate agree- 
ment may certomly be taken as an mdlcatioa that the electrical structure of 
the two nerves may be similar 

It has usually been found that the threshold altemaUng current stimulus, 
as a function of the logarithm of the frequency, was symmetrical with respect 
to the optimum frequeaej This characteristic is dependent upon the pres- 
ence of complete accommodation, which means that the coeffiaents of the 
current, 7, in equations (7) end (8) must be xero (Parrack, 1940) Smec no 
evidcDce of Incomplete accommodation was found m the two squid axons tested, 
it 15 agam apparent that the simple circuit of Fig 1 is not adequate on the basis 
of the present assumptions 

However interestmg as this comparison may be, it cannot be taken too 
senously From a rigorous point of view it probably must be regarded at 
present as coincidental and fortuitous. In the first place the exatabflity 
equation (7) takes Into account distributed effects and the variation of mem 
brane current flow at and near the electrodes, while the potential equation (8) 
apphes only to a uniform current density In the second place, the potential 
equation (8) does not take mto account the rectifier characteristic of the 
membrane. Thirdly, a variety of observations indicate that a Lminal change 
of membrane potential is not the necessary and suffiaent condition for eiata 
tion When it becomes possible to make calculations from equations (4), 
(5), and (6) and more complete information on exatation is available, we shall 
be m a better position to judge the extent to which the physical data may 
explain the phenomenological formulation of exatabihty 
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It IS interesting to note that the two factor theories liave been created for the 
sole purpose of explaining the behavior of nerve at relatively long times as 
compared with dironaxic or excitation time, and that a linear relation between 
cause and effect has been assumed here as well as for short times The elec- 
trical measurements, however, indicate a non-hnear element wliicli probably 
becomes a controlling factor at long times but is relatively unimportant, as 
we have seen, at short times However, the excitability data may not be 
symmetrical for anode and cathode (Parrack, 1940) although this asymmetry 
IS mucli less than is found for the membrane pqtential or calculated by integra- 
tion of tlie rectifier equation (2) Mention has already been made of the rela- 
tive spread of steady state elcctrotonus at the anode and cathode (p 39) 

As a basis for calculation, Rushton (1937 b) and Offner, Weinberg, and Young 
(1940) have each explicitly assumed a membrane structure, and a condition 
and nature of excitation which are equivalent On the basis of these assump- 
tions, Rushton found it necessary to have a minimal length of the axon fulfill 
this excitation condition before an impulse could be propagated As soon as 
it IS recognized that there am be a departure from the resting or linair proper- 
ties of tlie axon membrane before excitation takes place, the minimal length 
becomes difficult to specify exactl)' It is quite possible that this length is an 
equivalent of the region over which the requisite non-hnear change has taken 
place without excitation Similarly, we may expect to find that the non-lmoir 
responses of Pumphrey, Schmitt, and Young (1940), whicli they referred to as 
physiologioil, are to be related to the electrioil non-hnearity of the membrane 
A considerable amount of experiment and oircful theory, taking into account 
the capacity, rectification, and inductance, will be nccessarj'’ to verify sucli 
suggestions 

Until roisonably detailed calculations have been aimed out, it is unsafe to 
predict the performance of the equivalent circuit for liigh frequency currents 
at and noir the threshold for excitation It may, however, be expected, 
optimistioillj' perhaps, that, as has been suggested, the membrane rectification 
plaj's a considerable rOle m these various phenomena (Gildcmeister, 1930, 
Katz, 1937, Rosenbleuth, Rcboul, and Grass, 1940) For example, the con- 
siderable delay m the appoirancc of excitation at higli frequencies would be 
explained bv a rcctifiaation which allowctl an average oitliodc direct current 
to flow across the membrane under the electrode I'his current might be 
expected to build up at a rate determined largely by the natural frequency and 
damping of the membrane until the threshold was roichcd It is obvious, 
howeicr, that we cannot expect this cliaractcristic at one electrode and not at 
the other Consequently, this postulated average cathode current is a loaal 
rather than an external current and there must be noirby anode regions and 
perhaps c\cn more distant alternating cathode and anode regions Under 
t^amc conditions the anode regions ma> Invc so high a current density as to give 
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the alternatuig current blocks of conduction which have often been observed, 
and It IS then completely consistent to have the well known ‘'break” excitation 
from this region when the altcmatmg current is stopped 

DISCUSSION 

In the first place It is mterestmg to consider the lack of carher direct evidence 
for rectification and mductance elements m nerve. If these elements are 
present In other nerves, the usual small site of the axons Is probably the most 
important obstacle to their measurement The measurements must be made 
at low frequenaes or long tmies, relatlvdy speakmg, to avoid having the 
membrane capaaty carry too large a fraction of the membrane current The 
membrane then presents so high an impedance that the current will flow almost 
entirely m the extra-cellular fluids unless a large area of membrane is exposed 
and the alternative paths are reduced to a mimrrmm These requirements are 
most easily approached by a large single axon such as Young^s squid giant axon 
preparation. However, transverse Impedance measurements on this axon 
failed to give any indication of an mductanw or even a finite membrane re- 
sistance because there was so much fluid surrounding the axon that the mem- 
brane current at the low frequenaes was negligible with the measuring 
sensitivity aN'allable, This difficult> Is greatly reduced m the longitudinal 
measurements because a relatively large proportion of the electrode current 
crosses the membrane. However, rectification was not found m the mvestiga- 
tion of membrane resistance by direct current longitudinal measurements 
(Cole and Hodgkin, 1939) where one might have expected a change of resistance 
with current strength The decrease of resostance at the cathode certainly 
compensated for the increase at the anode to some extent m these exp er im ents, 
and the net result of these two effects may be calculated from the data of Fig 
5 (Cole and Curtis 1941) The total current flow through the membrane fa 
given by tj - [ri/in -f- rt)Kft, where t« is the electrode current, and ri and rj 
arc the external and internal resistances per unit length. The apparent re- 
sistance of the membrane for one electrode, r« = where is the change 

of membrane potential, is calculated as the function of the cathode current 
given m Fig 4 The membrane current flow for the second electrode fa m the 
opposite direction, gmng the anode curve For the two membranes m senes 
we then have the sum of the two mdividual resistances os shown by the third 
curve. The change of resistance with current for the membranes alone is 
about 10 per cent, but when the mtcmal and external res i s t ances are mcluded 
the Tnnnmnm variation of the measured resistance predicted for a 1 cm inter 
polar distance is about 1 per cent. Not only is this withm the limits of meas- 
urement but the currents considered here are much larger than those used by 
Cole and Hodgkm Furthermore, m preliminarj experiments on the squid 
axon with one killed end, the variation of the longitudmal direct current re- 
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sistance with the magnitude and direction of the current has been measured 
(Guttman, unpubhshed) 

Smce the membrane circuit discussed is admittedly madequate, a few of the 
more obvious defects may be pomted out The membrane electromotive 
force has been assumed constant and is therefore omitted except msofar as it 
appears m the rectifier element The capacity, for example, has been ade- 
quately demonstrated to have considerable dielectric loss, which is ignored for 
simphcity The mductance is treated as mdependent of frequency but this 
cannot be verified irntd the comphcated effect of dielectric loss is adequately 



Fig 4 Effective resistance of axon membrane, vs total measunng current, 
7o, for anode and cathode separately and m senes 

calculated Also, both the capaaty and mductance are assumed to be quite 
mvariable This seems to be justified for the capacity, but there is httle 
e\udence as yet concemmg the stabfiity of the mductance Turning to the 
rectifier, it has been noted that the theoretical impedance loa for the circuit 
shown m Fig 1 are only m quahtative agreement with the measurements A 
decrease of the resistance should decrease the dampmg and so mcrease the 
mductive reactances at low frequenaes But it was found that the mductive 
reactance decreased as the direct current resistance of the axon membranes 
decreased when they deteriorated and lost excitability 

The measurements of the changes of transverse impedance durmg current 
floi\ and the membrane potential durmg current flow have given similar rec- 
ti6cation charactensbcs for the membrane The membrane potential was 
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considered under the direct current steady state conditions m which the m 
ductance would have no effect, but the transverse impedances were measured 
at frequencies of 2 kilocycles and higher Under these conditions, the effect 
of a rectifier placed as mdicated m Fig 1 would be considerably reduced by the 
mductance and consequently dependent upon the frequency, but the measure- 
ments were mterpreted on the basis of a frequency mdependent rectifier element 
m parallel with the capaaty The addition of such an element m the circuit 
of Fig 1 will lessen or alleviate some of these inconsistcnacs, but more ade- 
quate experimental data are needed to specify such an additional factor defi 
nitely and justify the mCTeased complexity of analysis 

The coroHanea of a piexoelectnc membrane structure must not be over 
looked If an applied potential difference can deform the membrane, the 
action potential should have a simflar effect. In either case a change of the 
membrane double refraction is to be expected, but careful experiments by 
Schmitt and Schmitt (1940) foiled to show such an effect during the passage 
of an impulse m the squid axon It is of course possible that the axon mem- 
brane IS too thm for such observations, but this can only be conjecture at present. 
On the other hand. If a potential difference can deform the membrane, a defor- 
mation can change the potential difference If there is a threshold potential 
difference for exatation there should also be a threshold mecfaanicaJ deforma 
tion with similar temporal characteristics Mechanical exatation of nerve 
has long been known, but it has been difficult to measure experimentally 
None the less the temporal characteristics as exhibited by the strengthKiura- 
tion curve (Blair, 1936) are at least m the same general range as for electrical 
exatation 

It has already been mentioned that simple calculations of the potential after 
a short pulse of current applied to the circuit of Fig 1 do not agree with the 
observations on crab and squid axons. Also the exatation characteristics to 
be expected from this orcuit do not include the case of complete accommoda 
tion which has usually been treated theoretically and mvestigated expen 
mentally These defects may well be results of the over-simplification of the 
membrane properties which has been made. Preliminary measurements and 
calculations mdicatc that the modifications of the membrane aremt which 
are needed to explain the impedance measurements more satisfactorily are m 
the proper direction to reduce the discrepanaes between the observed and 
predicted potentials and exatabUities. 

Measurements of a range of forms have revealed a considerable consistency 
m the value of the membrane capacity and m a few cases it has been found also 
that capaaty is quite mdependent of the physiological funcl»n and condi- 
tion of the cell The reasonable conclusion is then that the capaaty represents 
a highly constant and Inert structure of the membrane. It has been fmmd 
that a number of under and over-damped osdllatory nerve phenomena occur 
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m the range from 100 to 500 cycles and an mductance has been shovra to be 
an essential element m squid axon structure If this element also appears m 
frog and Sepia axons, the order of magnitude of the mductance will be the same 
as for the squid, for a variety of conditions and experiments It would then 
seem verj'’ likely that aU of these and probably other nerve phenomena are 
dependent upon a membrane mductance and that this mductance is at least as 
constant and mactive as the membrane capacity It is much too early to 
predict that an mductance is a characteristic of a nerve membrane, much less 
of aU cell membranes, for it could conceivably be the distmguishmg character- 
istic of membranes havmg a propagated activity 

SUMMARY 

Premous measurements have shown that the electrical properties of the 
squid axon membrane are approximately equivalent to those of a cuemt con- 
tammg a capaaty shunted by an mductance and a rectifier m series Selec- 
tive ion permeabihty of a membrane separatmg two electrolytes may be 
expected to give rise to the rectification A quasi-crystalhne piezoelectric 
structure of the membrane is a plausible explanation of the mductance Some 
approximate calculations of behavior of an axon with these membrane char- 
acteristics have been made Fair agreement is obtamed with the observed 
constant current subthreshold potential and impedance durmg the foot of the 
action potential 

In a simple case a formal analogy is found between the calculated membrane 
potential and the excitability defined by the two factor formulations of excita- 
tion Several excitation phenomena may then be explamed semi-quanti- 
tatuely by further assuming the exatabihty proportional to the membrane 
potential 

Some preMOUs measurements and subthreshold potential and excitability 
obseriXLtions are not consistent with the circuit considered and mdicate that 
this circuit IS onl)’^ approximately equivalent to the membrane 
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THE EFFECT OF CALCIUM AND OTHER IONS ON THE 
AUTOCATALYTTC FORMATION OF TRYPSIN 
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Tlie effect of salts upon the formation of trypsin from its inactive pr ec ur sor, 
trypsinogen, has been extensively studied Deleicnne (1905), Zunr (1906, 
1907), Ayrton (1909), Meyer (1910), and Wohlgemuth (1912) showed that the 
spontaneous activation of fresh pancreatic juice or extracts of fresh pancreas 
was hastened upon the addition of calcium or other alkaline earth salts, the 
former being most effective De Sonza (1908) and Mellanby and Woolley 
(1913) considered that the accelerating action of calcmm salts was due to 
neutralization since the amount of calcmm chlonde required corresponded 
closdy with that necessary to precipitate the carbonate of the pancreatic juice 
Thty foimd that banum and strontram chlonde or neutralization with hydro- 
chlonc aad was equally as effective as calaum chlonde WaJdschmidt Leitr 
(1924), on the other hand, was unable to show any increase in spontaneous 
activation with calcium salts More recently Farber and Wynne (1935) found 
that the activity of impure pancreatic proteinase was definitely stimulated by 
ralmim salts but thought it possible that this increase m activity was due to the 
removal of inhibitors The contradictory results found m the Ltcrature are 
undoubtedfy due both to the impure materials and to the diversity of the con 
ditions used. This paper is a summary of an extensive study* of the effect of 
salts on the autocatalytic fonnation of tiypsin from purified oystallme tryp- 
sinogeiL. 

Crystallme trypsinogen and trypsin have been isolated from beef pancreas 
by Kumtz and Northrop (1934, 1936) They found that a solution of crystal 
Ime trypsmogen contammg a trace of trypsm was gradually changed into tryp- 
sin in the pH range of 5 0 to 9 0 The reaction, however, was mcomplete. 

* Dissertation submitted by Margaret R McDonald to the Graduate Faculty of 
Rutgers University, June, 1940, m partial fulfilment of the requirements for the de- 
gree of Doctor of PhilosopJiy 
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This was found by Kumtz (1939) to be due to another reaction occurring during 
the process of formation of trypsm, namely the transformation of part of the 
trypsmogen into an mert protem which could not be changed mto trypsm by 
any of the known means The experimental curves for the rate of formation 
of trypsm as well as for the rate of formation of mert protem were found to be 
symmetrical S-shaped curves closely resembling those of simple autocatalytic 
reactions The kmetics of the formation of trypsm and of inert protem from 
trypsmogen could be explamed quantitatively on the theoretical assumptions 
that both reactions were of the simple unimolecular type, that m each case the 
reaction was catalyzed by trypsm, and that the rate of formation of each of the 
products was proportional to the concentration of trypsm and to the concen- 
tration of trypsmogen m solution Durmg the process of formation of trypsm 
and mert protem the ratio of the concentrations of the two products m any 
given reaction mixture remained constant, was equal to the ratio of the veloaty 
constants of the two reactions, and was mdependent of the ongmal concen- 
tration of trypsmogen 

The present studies show that salts influence the transformation of tryp- 
smogen mto tiypsm m one of the foUowmg ways 

(a) Increasing both the rate of formation of trypsm and the rate of forma- 
tion of mert protem (6) Decreasing both the rate of formation of trypsm and 
the rate of formation of mert protem (c) Increasmg the rate of formation of 
trypsin and decreasing the rate of formation of mert protem (d) Decreasmg 
the rate of formation of trypsm and mcreasmg the rate of formation of mert 
protem 

The effect of salts upon the ultimate amounts of trypsm and mert protem 
formed depends upon the relative influence of the various ions on the rate of 
both reactions smce the final amounts of the products formed depend on the 
ratio of the velocity constant, Ki, for the formation of trypsm to the veloaty 
constant, Ks, for the formation of mert protem The influence of salts is 
due to both the cation and the amon, the chemical nature of the ions is more 
important than then valency 

The behavior of the calcium ion is particularly stnkmg smce it mhibits com- 
pletely the formation of mert protem even in concentrations as low as 0 02 
M with the result that the trypsmogen is converted quantitatively mto trypsm 
In the presence of calcium salts, therefore, the transformation of trypsmogen 
mto trypsm by means of trypsm foflows the course of a simple unimolecular 

autocatalytic reaction 

The ions studied may be arranged m the followmg approxunate seri^, the 
first members m each group havmg an mcreasmg and the last members a 

decreasmg effect 
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A EScci on tJu ReU of Formation of Trypsin 
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NXPERIMZNTAL 

Gmeral Procedures 

The methods used for the study ol the formation of trypam and of inert protcm 
from tiypsinogen were those previously described (Kunitx, 1939) Crystalline tryp 
sinogen was prepared from eitracta of fresh beef pancreas by the method of Kumtz 
and Northrop (1936), further ptinSed and freed from inhibitor by preaptation with 
trichloracetic add, and dmlyxedagalntt 0 005 II phosphoric add Complications due 
to protein hydrolysis were avoided by tccping all reaction mixtures at S*C The 
solutions were kept sterile by the addition of 0 1 mb 1 per cent mmhiolatc in 1 4 per 
cent borax to each 100 mb solutiotL Salts of Merck s reagent grade were employed. 

The pH of each activation mixture was adjusted when necessary with phosphoric 
aad or potassium hydroxide. The measurements were made by means of a low re 
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sistance glass electrode of the Mouqum and Carman type (1937) In the range of 
pH used the salt error was neghgible (Gardiner and Sanders, 1937, Cranston and 
Brown, 1937, Dole and Wiener, 1937) In a comparison of measurements with the 
glass and hydrogen electrodes the maximum variation in pH observed iras 0 04 with 
an average deviation of 0 02 


EXPERIMENTAL RESULTS 


1 Effect of Ammonium Salts on the Autocatalytic Formation of Trypsin — 
The experimental data for the transformation of tiypsmogen mto tiypsm m 
various concentrations of ammonium salts are given m Figs \a,\b,\c,ld 
Fig 1 a shows that not only does the rate of formation of trypsm increase with 
mcreasmg concentration of ammomum sulfate but that the final amount of 
trypsm formed is also greater In the case of ammomum chloride (Fig 1 h) 
the rate of formation of trypsm decreases with mcreasmg concentration of 
salt while the final amount of trypsm formed is practically the same Increas- 
mg the concentration of ammomum mtrate (Fig 1 c) decreases both the rate of 
formation of trypsm and the amount of trypsm formed The rate of forma- 
tion of trypsm decreases with mcreasmg concentration of ammomum acetate 
(Fig 1 d) while the final amount of trypsm formed mcreases 
The diversity m the results is due to the difference m the effect of the various 
ammomum salts not only on the vdocily constant, Ki, for the formation of 
trypsm but also on Ki, the velocity constant for the formation of mert protem 
The imtial slopes of the curves are proportional to Ki while the percentage 


trypsmogen ultimately changed mto trypsm is equal to 


1 + r 


X 100, where 


f s= _i The observed values for the percentage trypsmogen finally changed 

•^2 Xi 

mto trypsm and the calculated values^ of Ki, Ki, and are given m Table I 

In the presence of ammomum sulfate both velocity constants at first decrease 
shghtly and then mcrease rapidly as the concentration of salt mcreases The 


2 The velocity constants Ki and ^2 for the formation of trypsm and mert protem 
respectively were calculated by means of the equations denved by Kimitz (1939), 
namely 

Kx -f- Ki ^ m 


and 


27) m At Ao 
Ki «= X 


Go 


A. 


where m is the slope of the straight Ime resultmg when the values of log 


are 


plotted agamst ( 

Go, the ongmal concentration of tiypsmogen 
Ao, the ongmal concentration of trypsm 
A, the concentration of trypsm at any tune / 
and At, the final concentration of trypsm 
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effect IS much greater on Ki, however, so that the ratio — ^ and hence the final 

• Al 

amount of trypsin formed increases with increasing concentration of ammonium 
sulfate 



Figs 1 a, I b, 1 c, i d Effect of various conceiitiatioiu of ammoalum salts on 
the formation of trypsin. Activation mutuies vanoiu concentrations of ammonium 
salts In 0 1 M phosphate buffer pH 7 6 and ojntainlng 0 01 mg trypsmogen protem 
nitrogen per mL 


The velocity constant*, Ki, and Kt, decrease with increasing concentration 
of pTn mnriniTn chloride, the rate of decrease being the same for both reactions. 

The value of ^ is therefore unchanged and the percentage trypsmogen changed 
Ki 

into trypsm is the same regardless of the concentration of ammonium chloride. 





Tercent trypainagien chained into trypsin 



Fio id 


TABLE I 
cf Ammomtm Soils 
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The ^al amount of ti^^Dsm formed from trypsmogen m the presence of 
ammonium mtrate decreases rapidly with increasmg concentration of the 
salt smce the velocity constant for the formation of trypsm decreases while the 
velocity constant for the formation of inert protem remains practically un- 
changed 

Increasmg the concentration of ammomum acetate increases the percentage 
trypsmogen changed mto trypsm by decreasmg Ko to a much greater extent 
than iTi 



Figs 2a,2 b,2 c Effect of lanous anion'? on the formation of trypsm Activa- 
tion mixtures \anous sodium salt solutions m 0 1 ii phosphate buffer pH 7 6 and 
contaming 0 01 mg tiypsmogeu protein nitrogen per ml Fmal pH = 71 

2 Effcd of Vanous Amoj;^ on the Aulocatalyhc Formation of Trypsin — 
The strikmg differences m the effects of various amons on the transformation 
of trj'psmogen mto trypsm and mert protem found with ammomum salts were 
obtamed also with sodium salts, as is illustrated m Figs la, 2 b, 2 c, and Table 
n These show, m general, that the sulfate, citrate, oxalate, tartrate, acetate, 
fluoride, and chloride ions accelerate the rate of formation of trypsm, the effect 
decr eas ing m the order given,* while the iodide, mtrate, and bromide ions de- 
crease its rate of formation The rate of formation of mert protem is ac- 
cderated by iodide, nitrate, tartrate, and citrate and decreased by fluonde, 
chlonde, sulfate, acetate, oxalate, and bromide ions In the presence of 

* All senes m this paper are arranged m order of decreasmg effect of the ions 




Percont trypwno^en chjj^ad into trypam. Percent tiypflino^g^ chained into trypsin 
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sulfate, oxalate, citrate, tartrate, fluoride, chloride, and acetate the ultimate 
amount of trypsm formed is greater than without the salt while with iodide, 
nitrate, and bromide less trypsm is formed Although there is m general a 
greater tendency for the polyvalent anions to increase the rate of formation of 
trypsm, the valency of the anion is not the controllmg factor smce much 
greater differences were observed between the hahdes, for example, than be- 
tween the acetate, citrate, and tartrate 
J Effect of Various Cations on the Autocatalyhc Formation of Trypsin — 
Figs 3 o and 3 h, show the experimental data for the formation of trypsm from 
trypsmogen under the influence of various salts of the alkali metals The 


TABLE II 
Efect of Sodtum Salts 


Salt 

Molar 

concentration 

Per cent tryp 
sinogen changer 
Into irypsjn 
(observed) 

Ki 

El 

El 

JCt 




per mg P N per day 

Control 


33 

87 

176 

0 49 

Sodium atrate 

0 5 

65 

455 

244 

1 87 

“ sulfate 

0 5 

68 

231 

107 

2 16 

“ tartrate 

0 5 

57 

214 

161 

1 33 

“ acetate 

0 5 

48 

131 

139 

0 94 

“ fluonde 

0 5 

55 

104 

84 

1 24 

“ chlonde 

0 S 

51 

104 

100 

1 04 

“ bromide 

0 5 

32 

81 

171 

0 47 

“ nitrate 

0 5 

22 

59 

203 

0 29 

“ iodide 

0 5 

11 

47 

380 

0 12 

Control 


42 

92 

125 

0 74 

Sodium sulfate 

0 25 

60 

141 

93 

1 52 

“ atrate 

0 17 

52 

135 

122 

1 11 

" oxalate 

0 25 

56 

131 

102 

1 29 

“ tartrate 

0 25 

46 

129 

140 

0 92 


calculated values of Ki and Kz are given m Table III The salts of sodium 
and hthmm were found to mcrease the rate of formation of trypsm while those 
of caesium, rubidium, and potassium were found to decrease it The rate of 
formation of inert protem was decreased by the salts of rubidium, caesium, 
sodium, potassium, and lithium, the latter havmg the least effect The largest 
ultunate amount of trypsm formed was found with the sodium salts, followed 
m order by lithium, potassium, rubidium, and caesium 
The experimental data for the formation of trypsm from trypsmogen m the 
presence of salts of the alkahne earths are given m Fig 4 The velocity con- 
stant for the formation of tiypsm (Table IV) mcreases with the addition of 
calcium, strontium, barium, and magnesium Barium mcreases the velocity 
constant for the formation of mert protem while calcium, strontium, and mag- 





Percent tiypilm^en. chex^ed into trypein Percent tiypjinogen chen^ed into trypaln. 



Dfy9 

Fio 3b 

Figs 3 a and 3 & Effect of monovalent cationa on the formation of trypsPL Act! 
vatkm mprtnres aohitiona of salts of tlie wtkah metals in 0 1 u phosphate buffer pH 
7 6 and containing 0 01 mg trypsinogen protem nitrogen per ml Final pH 7 1 
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Effect of Salts of the Alkali Metals 



Days 


Fig 4 Eflfect of bivalent cations on the formation of trypsin Acbvation mix- 
tures solutions of the chlondes of the alkahne earths m 0 1 M borate buffer pH 8 0 
and containmg 0 01 mg trypsmogen protem nitrogen per ml Fmal pH <=7 1 

64 








1£A£QAS£T lU UCDONALD AiW U. KUNi ' J T Z 


65 


nesmm decrease it The ultimate amount of tiypsm formed a therefore greater 
in the presence of calaum, strontium, and magnesium chloride than in the 
control and smaller m the presence of banum chloride It a evident that the 
different cations produce as wide a variation m the results as do the different 
anions 

4 Effect of Calcium Ion on the Formation of Trypsin — The action of calaum 
salts on the transformation of trypsinogen into try j wfn Is unique m that of all 
the ions studied only calcium completely inhibited the formation of mert pro- 
tein. In the presence of calcium salts, even m concentrations as low as 0 02 
II, trypsmogen is converted quantitatively mto trypsin* and the formation fol 
lows the course of a pure autocatalytic reaction. 

(o) Effect of Varying the Concentration of Calaum Chloride — ^The effect of 
various concentrations of calaum chloride on the transformation of tiypsino- 
gen into trypsm and mert protein is shown m Fig 5 and Table V The smooth 

TABLE IV 


^ffeet ofOJlI Alkalhf Earth CUoridu 


Stlt 

Per c<ot ti7p- 
tlooim ekaaetd 
tTTpiia 
(obftiml) 


Ti 

Kt 



1 ^mt PJS 

Control 

31 

26 

57 

0 46 

Masnerium diktide 

42 

40 

56 

0 71 

Calcium “ 

iOO 

90 

0 

ao 

Snontium ** 

85 

65 

U 

S 90 

Barnmi “ 

22 

42 

145 

0 29 


curves m Fig 5 are drawn through theoretical values of A calculated, by means 
of the equation* 


X 


A 


A 

1 + 




A -A$ 


The rate of formation of tiypsm Increases gradual^ with mcreasing con 
ccntration of rfll n i m i chloride while the rate of formation of mert protem de- 
creases rapidly The value of in 0 0008 M calcium chloride is only one- 
fifth of the value of Kt in the controL The fraction of trypsmogen changed 
mto trypsm mcreases from 25 per cent in the control to 65 per cent in the 
presence of 0 0008 u and to 99 per cent in 0 02 m calcium chloride. 

* The trypsin formed can be easily crystallited the procedure will be described 
in a future publication 

• tf IS the Naperian constant the other symbols are defined In footnote 2 







EFFECT OF CALCIUM ON AUTOCATAIYXIC FORMATION OF TRYPSIN 


(&) EJfcci of Varying the Concenfraiion of Trypsinogcn —Fag 6 a shows the 
curves for the formation of tiypsin from varaous concentrations of trypsinogcn 
m the presence of 0 1 m calcium chloride In each case all of tlie trypsmogen 
is changed mto trypsm and no mert protein is formed Within the range of 



Fig 5 Effect of concentration of calcium chloride on tlic formation of trypsin 
Activation mixtures various concentrations of calcium chloride in 0 1 m borate buffer 
pH 8 0 and containing 0 1 mg protein nitrogen per ml Final pH » 7 2 Smooth 
curves drawn through calculated points 


TABLE V 


Effect of CaJcium Chloride 


Molar concentration 
calcium chloride 

Per cent tiypsinoRcn 
chnnKed into trypsin 
(observed) 

iTi 

Ki 

Aa 

0 

25 

12 

per mg PJf per day 

37 

0 33 

0 0008 

65 

13 

7 

1 86 

0 004 

81 

25 

6 

4 17 

0 02 

99 

1 58 

0 6 

97 0 

0 1 

100 

1 90 

0 

00 

0 5 

100 

104 

0 

00 


concentrations of trypsmogen used, doubhng the concentration of trypsmogen 

doubles the rate of formation of trypsm The values of log 

the same series are plotted m Fig 6 b The experimental points lie on straight 
lines, the slopes of which are proportional to tlie initial concentrations of tryp- 
smogen used m agreement witli the theory of the kinetics of a simple ununolecu- 
lar autocatalytic reaction 
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The ciirvea for the rate of formation of trypsm from various concentrations 
of tiypsinogen in the presence of 0 02 ii and 0 001 ii calcmm chloride are given 



Fig 6 a 

Figs 6 a, 6 i, 6 c 6d Effect of concentrabon of trypsmogen on the formation of 
trypsiru Activation mixtures caldum chlondc solubons in 0 1 M borate buffer pH 
8 0 and containing various amounts of tryp>sinogcn per mL Final pH 7.2 

in Figs 6 c and 6 d Although here the concentrabons of the salt are insuffi 
dent to inhibit completely the formation of inert protem, the percentage of 
trypsinogen changed mto trypsm Is indcpaident of Its Initial concentration in 




30 iO 
Hours 
Pig 63 


trrz^nogsn. since in that esse the pexcdtage of terpsinogen changed mto 
trjnsin — cnid cecresse as its corcentratioa increased. 

(c) E^cd cf Ccicr'm Chloricc ci Tcru>us pE . — ^Figs 7 a and 7 i grre the 
c urves for the fomcation of t ry psin from trypanogen in the presence and ab- 
sence of — I chloride at vanons pH- In both cases the rate of fonnaPon of 

tr—Dsin increases rrith increasing pH. In the absence of calaran chlonde, 
horrererj the nltrnate amonnt of trypsin formed decreases rapidly with increase 
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in pH due to the larger amounts of inert protein formed in the alkalme solu- 
tions (Kumtr, 1939), whereas in the presence of calcnim chloride the trans- 
formation of trypsmogen mto trypsin Is complete over the whole range of pH 
used 



(d) Effect oj y arums Calctim SaUs—Vlg 8 gives the experimental data for 
the formation of trypsin in the presence of various calcium salts- The tiyp- 
slnogen is converted quantitativety’ mto trypsm in all cases and the rate of 
formabon of trypsm is approximately the same regardless of the amon used. 
Evidently the action of the calchmi ion predominates, masking the action of 
the anion. 

(tf) Effect of Calctim Chloride on the Action of Trypsin — Calcium chlonde 
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Figs 7 a and 7 b Effect of pH on the formation of tr^Tism Actii ation mixtures 
0 02 II acetate-barbiturate buffers of \-anous pH in 0 02 ir calaum chfonde or water 
and contauung 0 1 mg m-psmogen protein mtrogen per ml 
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m conccntrationa sufficient to mliibit completely the formation of mert protein 
and to accelerate the rate of formation of tiypsm was foxmd to have practically 



no effect on the tryptic digestion of hemoglobin or of benzoyl4-arginine amide 
nor on the formation of chymotrypsin fr om chymotrypsinogen by means of 
trypann This together with the fact that the influence of calcium chloride 
on the formation of trypsm from trypsmogen is exactly the opposite of its 
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influence on the formation of mert protem, although both reacbons are cata- 
lyzed by bypsm, leads one to assume that the acbon of calcium chloride is on 
the bypsmogen rather than on the trypsm, or else that the various acbons of 
tr 3 ^sm are quite different m character 
(f) Effect of Calcium ClUortde on Enterokinase and Mold Ktnase — ^The rate 
of formabon of bypsm from bypsmogen as catalyzed by enterokmase (Kumtz, 



Fig 8 Effect of vanous calaum salts on the formation of tr3TDsm Acbvation 
mixtures 0 1 m solutions of vanous calaum salts m 0 1 u borate buffer pH 8 0 and 
contammg 0 01 mg trj'psmogen protem nitrogen per ml Fmal pH = 7 S 


1939 d) and by mold kmase (Kumtz, 1938) was found to be depressed m the 
presence of 0 1 ir calaum chloride 

SUMMARY 

CrystaUme bypsmogen is completely bansformed mto trypsm by means of 
bjqism m the presence of calcium salts The process follows the course of a 
pure autocatalybc unimolecular reacbon 

In the absence of calcium salts, the autocatal 3 rbc formation of trypsm from 
bj'psmogen is comphcated by the bansformabon of part of the bypsmogen 
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mto an inert protein which cannot be changed into trypsin by any known 
means. 

Salts mcrease or decrease the rate of both reactions so that the ultimate 
amount of trypsm formed vanes with the nature and concentration of the salt 
used With equivalent concentrations of salt the percentage of tiypsmogen 
changed into trypsin is greatest m the presence of calaum ion followed m order 
by strontium, magnesium and aodlam, rubidium, ammomum, lithium, and 
potassmm, caesium and bamim With the amons the largest percentage of 
trypsinogen transformed into trypsm was found with the acetate, sulfate, oi 
alate, atrate, tartrate, fluonde, and chlonde ions followed in order by bromide, 
nitrate, and iodide. 

The formation of mert protein is completely s u p p ressed by concentrations 
of calcium ion greater than 0 02 u. 
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ELECTRIC K)TENTIAL AND ACnVITY OF CHOLINE ESTERASE 
IN THE ELECTRIC ORGAN OF ELECTROPHORUS 
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(F/wn the Lahoraiory of Physiology, Yale Unaemiy School of Mentone, Nera Haoen, 
the New YorhAquanum and the Department of Physics, New York Untrerstly, 
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INTRODDCriON 

According to the theories of Loevd and of Dale acetylcholine (ACh) acta as 
the specific transmitter substance of nerve impulses to an effector organ or to a 
stiand neuron Recent mvestigations suggest that the ongmal theory must be 
altered to account for the ACh metabolism which closely parallels the clectncal 
changes occurring everywhere at or near the neuronal surface (Nachmansohn 
and Meyerhof, IWl) This interpretation was necessary to explam the fob 
lowing observations 

1 A high concentratiOQ of cholme esterase exists in strong electnc organs 
(Torpedo, Gymnotus eUdneus) These organs can spht m 60 minutes an 
amount of ACh equivalent to 1-3 times their own weight The concentration 
of the enzyme is of the same order of magmtude as that estimated previously 
for motor end plates of muscle. The essential pomt is the fact that in these 
organs considerable amounts of ACh can be split during the refractory penod 
which IS of the order of milliseconds Tliis males possible the assumption that 
ACh 13 dosety connected with the disdiarge The prerequisite for such an 
assumption is the possibility of a quick removal of the active substance. The 
existence of such a high concentratian of the entyme appears particularly 
significant m view of the high water (92 per cent) and low protem content 
(2-3 per cent) of the organs. In the weak dectnc organ of Ray the concen- 
tration 13 relatively low If m the three q>eaes number of plates per centi 
meter and ealf per centimeter are compared with the concentration of the 
enzyme a dose parallelism is obtained (Nachmansohn, 1940) The observa 
tions on the concentration of choline esterase m electnc organs, established 
during the years 1937 and 1938, and simultaneous and mdependent studies of 
Auger and Fessard on the discharge of dectnc organs under different conditions, 
especially after degeneration of the nerve, led to investigations on Torpedo 

• This work was nifie possible bj a grant of the Damn Foundation 
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marmorala earned out m Arcachon There it was demonstrated that ACh is 
present m high amounts m the electric organ, that after nerve stunulation ACh 
IS liberated in these organs, and that injection of ACh into the organ produces 
a discharge (Feldberg, Fessard, and Nachmansohn, 1940) These experiments 
support the view suggested by the previous experiments that the discharge is 
connected with the appearance of ACh 

2 Only a quantitative difference exists between the concentration of the 
enzyme in nerve fibers and that at ^napses This difference was interpreted 
as being related to a concentration of the enzyme at or near surfaces and there- 
fore high at synaptic regions where the end arborization increases the surface 
(Couteaux and Nachmansohn (1940)) Direct evidence for this view was 
ob tamed with the giant fiber of squids in which it was found that practically all 
the enzyme is localized m the sheath and that only negligible amounts occur 
in the axoplasm (Boell and Nachmansohn, 1940) 

The data on the concentration of choline esterase m the electric organ of 
Eieclrophorus electncus (Linnaeus) {=Gymnottis clecirtcus) were incomplete and 
unsatisfactory Only one specimen had been examined and only two deter- 
mmations were made at that tune ‘ Among all species the electric organ of 
Eieclrophorus has the greatest E M f A detailed study of the enzyme con- 
centration and distribution in relation to the E M f appeared necessary The 
present paper fills this gap and offers new evidence for the parallelism between 
number of plates per centuncter, e m f per centuneter, and enzyme activity 

Methods 

The activity of choline esterase was detemnned with the Barcroft-Warburg mano- 
metne method in the same way as described previously (Nachmansohn, 1939) 
Frog’s Ringer solution with bicarbonate buffer \vas used as medium The tissue was 
very thoroughly ground, for it is important to have a homogeneous suspension be- 
cause of the high csterasic activity of electric organs Although the pieces of tissue 
taken for grinding were small, the suspension had to be diluted to a large volume, and 
the 3 cc put into the Warburg vessel were only a small fraction of the total suspen- 
sion For instance 3 cc of the suspension prepared from piccas of the electric organ 
of the smaller eel contained only about 0 5 mg fresh tissue The weights given in 
the tables indicate the fresh weight of tissue ground As the amount actually put 
into the vessels uas approximately the same in each senes of expenments, that for 
each determination is not specified separately but is indicated only for each table 
The balance used permits rapid and precise weighing which is ncccssaiy for such small 
amounts of fresh tissue JThc balance has magnetic damping on both sides so that 
in alwut 15 seconds 0 1 mg can be read on a scale directly and 0 01 mg can be e-sti- 
malcd Generally only 4 manometric readings were made in intervals of 5 minute-s 


‘ This specimen died in October, 1938, in the Institut Oceanographique in Fans and 
the cnrjme actiMtj vas deUrmined bj one of us (D N ) in the Lalioratoirc de 
Phssiologie Gfnerale de la Sorbonne 
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after the substrate had been added to the en^rmc suspension The first 5 minute 
reading was not included m the caJculation, 

The protein determinations of the enxyme solutions were earned out graMmetn 
cally To 1 cc. of the ensyme solution In a 3 cc. centrifuge tube there was added I cc. 
of 40 per cent tnchloroacctic add After 24 hours the precipitate was centrifuged for 
30 mmutes m a centrifuge at a rate of 4000 JLpac The preapitate was washed three 
times with distIDed water The centrifuged tube was put into a drying oven at 10S®C 
for several hours and the wei^t was then determined 

RESULTS 

7 Electric Orion 

Tht electnc organs of two eels were nmmined The first was medium sized 
and had a length of 120 cul, the second was small and only 67 am long 
The electnc organ of the larger specimen had a length of 78 cm Pieces 
were taken successively at five pomts from the head to the caudal end of the 
organ and the concentration of cholme esterase was detenmned* The values 
obtained arc given m Tabic I The highest concentration of the enzyme is 
found m the region near the head end of the organ, it decreases contmuously 
towards the caudal end Fig 1 shows the tentative curve of the diange m 
eiuyme concentration The shape of this curve appears to be analogous to 
that which indicates the eolt per centimeter and number of plates per 
centimeter determmed on an eel of approximately the same size (Coz, Rosen 
bhth, Cutler, Mathews, and Coates, 1940) 

The number of sections (five) at which the enzyme concentration was deter 
mined and the number of deter mina tions m each section were not suffiaent for 
ascertaining the precise shape of the curve. In each section the concentration 
varies from one piece to the other In the section 45 cm from the snout four 
determinations were made, and the QCh E valnes were found to vary from 83- 
112 Such differences are not surprising As the exp erim ents quoted m the 
introduction suggest, choline esterase is amcentrated at surfaces of neurons. 
The amount of active surface will vary from one piece to another The greatest 
part will be presumably at the innervated side of the disc. It can be expected, 
therefore, that even in pieces taken from the same region the enzyme concen- 
tration win differ according to the amount of active surface although the 
number of plates per centimeter 13 equaL If a sufficient number of large pieces 
were taken these differences might become insignificant, and the value obtained 
would approach the average value of that section But it is difficult to grmd 
large pieces homogeneously and the err o r due to this difficulty may be as great 
as that due to the variations of active surface m small pieces. 

In order to get more information about the variations which may occur in a 
given piece due to the uneven distribution of active surface, the en^one con 
centratian was determmed m a senes of shces cut with a freezing microtome. 
The results are given m Table IL Pieces I and H were taken about 60 cm 
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TABLE I 


Concentration of choline esterase in sections of the electnc organ of Electrophonu, taken 
successively from the head to the caudal end Length of animal 120 cm I? = distance of 
section from the snout m cm IT ■= mg tissue ground. 2-5 mg fresh tissue were taken per 
vessel QCh E r = smgle determination, a «= average 


P 


30 


45 


60 


68 


102 


lOS 


Mam organ 

Organ of Hunter 

IT 

QCh E 

IF 

QChE 

s 

a 

s 

a 



66 0 

134 0 

118 0 

123 0 

126 0 

73 0 

93 5 

93 5 

93 6 

68 5 

135 0 

134 0 

134 6 

65 0 

107 0 

103 0 

106 0 


110 0 





46 0 

93 0 

99 0 

21 2 

107 0 

107 0 


103 0 


- 



48 7 

no 0 

111 0 

116 0 

112 0 

28 0 

140 0 

125 0 

132 6 


92 0 





66 0 

76 0 

83 0 





82 0 





60 0 

100 0 

93 0 

96 6 




47 0 

50 0 

50 0 

60 0 

44 5 

79 0 

73 7 

76 6 

65 5 

58 2 

65 7 

62 0 

44 0 

64 5 

67 0 

66 8 

140 0 

35 0 

31 0 

33 0 

98 7 

29 0 

29 0 

29 0 

165 0 

38 0 

42 0 

40 0 

76 0 

27 0 

28 0 

27 6 




41 0 


39 6 

71 0 

36 5 

42 5 

39 6 

45 0 

42 5 

42 0 

42 6 
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from the snout of the eel described above. Piece in was cut out by biop^ 
from an eel of similar size and the region chosen was near to the head end of the 
organ. The values show how great the variations are from one shce to the 
other Of special mterest are the values obtamed with piece L It seems as 
if the values vary in a certain rfiythm. This is demonstrated m Fig 2 Itmay 
be assumed that this rhythmic change is not incidental but corresponds to a 
rhythmical change m active surface. This may be easily understood from the 
histological structure. It may appear only at a certam thickness of slices and 
when the shces arc cut m a direction exactly parallel to the discs 



30 45 60 75 »0 105CM 2 4 6 

Fia 1 Fio 2 


Fig 1 Conceatration of choline esterase m different sections of the electric organs 
of the electric eel Eledropherus eUdrtcus (linnaeus) taken successively from the 
bead to the caudal end Length of the animal 120 cm Abscissae QCh £ values 
Ordinates Distance of the section from the snout in centimeters 

Fic 2 Concentration of choline esterase In successive slices of a piece of electric 
tissue cut with a freezing microtome. Abscissae QCh.E values. Ordinates 
Number of the successive slices 

There are three superimposed organs on each aide the mam organ, Hunter^s 
organ, and the bundle of Sachs which forms the greater part of the postenor 
section. In the bundle of Sachs number of plates per centimeter and Eai.7 
per centimeter increase towards the caudal end (Coi, Rosenhhth, Cutler, 
Mathews, and Coates, 1940), makmg the conditions more complex. It may 
be that the pieces at a distance of 68 cm. from the snout belonged to the 
bundle of Sacis and that therefore the values were low, even lower than at the 
caudal end. "When these detemunations were made, no attention was paid to 
thw pomt In the organ of Hunter the concentration of the enzyme does not 
differ appreciably from that m the main organ This again is m agreement 
with the number of plates per centimeter 
In spite of all restrictions pomted out the shape of the three curves (I) 



TABLE H 


ConcentraLon of cholme esterase in successive slices cut with a freezing microtome 
Piece I and II were taken from a secbon 60 cm from the snout, same eel as m Table IL 
Piece ni was taken from an eel of similar size, the section was near the head end of the organ 



I 

n 

m 

Thickness of 
slices in ft 

150-200 

100 

ISO-200 

Slice No 

IT 

QChj; 

w 

QChJE 

IK 

QChj: 

1 

6 3 

67 0 

60 0 

2 3 


70 6 

2 8 

126 0 

2 

11 8 

60 0 

61 0 

5 0 


66 3 

2 4 

68 0 

3 

8 8 

62 0 

6 6 


70 6 

1 

1 

4 

12 1 

49 5 

2 7 


82 0 

3 1 

132 0 

S 

9 4 

67 6 

2 2 


76 0 

3 9 

126 0 

6 

9 8 

46 2 




4 5 

103 0 

7 






5 3 

90 0 

8 

1 





5 5 

90 0 

9 



1 



5 7 

87 0 


TABLE HI 

Conceniralion of Chohne Esterase in the Electric Organ of an Eieclrophorus of 68 Cm Length 




QCh-E 

■1 


1 QChj: 



1 QChJ; 

D 

IK 



El 

n' 



D 

IK 



s 

0 1 

■ 


S 

0 



S 

a 


17 5 

612 0 
648 0 

630 0 


12 4 

1 

638 0 
677 0 

668 0 


IS 3 


630 0 






1 



39 

10 9 


394 0 

17 

10 2 

1 682 0 
697 0 

690 0 

25 

■ 

567 0 

520 0 

667 0 


12 8 


460 0 







610 0 






6 9 

615 0 

616 0 

1 


500 0 

1 


191 0 
187 0 

189 0 




14 0 

620 0 

620 0 



610 0 

610 0 


H 


115 0 









53 


116 0 



720 0 

700 0 


16 3 

630 0 

632 0 

114 0 


11 8 

1 

680 0 

32 

633 0 


BiEjfli 

161 0 

160 0 




20 

11 7 

740 0 

746 0 

12 9 

680 0 
685 0 

683 0 


139 0 


Him 


750 0 

745 0 
690 0 


15 2 

690 0 

59 

20 4 

m 

162 0 



1 


10 1 

718 0 

690 0 








11 4 

149 0 

149 0 




11 1 

735 0 
740 0 

738 0 










D •=■ Distance from snout m cm 
Tl'^ 1 = mg tissue ground 

QCh E s •= single detcrmmation, a = average 
The amount of tissue taken per vessel was about 0 5 mg 
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enzyme concentrataon, (II) number of electnc discs per centimeter, and (HI) 
iLir j per centimeter seems to be essentially the same This becomes even 
more obvious by the experiment earned out on the smaller specimen The 
length of the electric organ m this ammnl was 52 cm 'Ihe enzyme concen- 
tration was determined at seven sections and more samples were taken from 
each section than m the first anrmfll examined The results are given in Table 
nr The S-like form of the curve fa here quite obvious (Fig 3) 



Fio 3 The Btme as In Fig I, carried out on the specimen of 68 cm. length 
TABLE IV 


Concentratkni of chotuae esterase in difercct sectkms of the electric organ of the Site- 
tropJnrus of 6S cm. length at the 8th day fdknring death. The tyzabols used are the same 
as those in Tables I and HL luxS. ■> brmdie of Sacha. 


D 

W 

QOuE. 

D 

ir 

QC2I.E. 

22 

17 5 

608 0 

50 

(Msiii OTg) 

11 3 

410 0 

29 

12 8 

SIS 0 

50 

(bAS.) 

8 7 

220 0 

36 

43 

IS G 

17 9 

600 0 

660 0 

55 

11 0 

260 0 


The Eou per centimeter versus distance from the snout has not been 
determined accurately as m the larger animal But the observations available 
mdicate that the shape of the curve a the same (Coates, Cox, and Granath, 
1937) The values of QCh.E are around 6-700 near the head end and around 
150 near the caudal end as compared with 120-140 and around 40 respectively 
The determinations were made a few days following death Although the 
unmiflU were kept m the ice box at 1-2®C , it may be that the absolute values 
were a little lower than those found. The enzyme remains stable for many 
months (Nachmansohn and Lederer, 1939) But the tissue m view of its 
peculiar High water content may lose some water, and the real weights may be 
a httle higher than those actually found. In Table IV the QCh.E values are 
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given of samples taken at difFerent sections 2 days later than those of Table m 
The values are definitely a httle higher When these samples were cut out it 
appeared that the tissue did not retam its water as well as m the first few days 
foUowmg death But if the absolute values may be a httle too high even for 
the first days, they are comparable m any case for the smaller and larger 
specimen because the detenmnations were made during the same period foUow- 
mg death 

In the section at a distance of 50 cm from the snout the bundle of Sachs could 
be clearly distmguished from the mam organ, and samples were taken sep- 
arately m this case The concentration m the mam organ is nearly twice as 
high as m the bundle of Sachs 410 and 220 respectively (Table IV) 

// Central Nervous System 

It was always beheved that the electricity of electric organs is not extra- 
ordmaiy as compared with that of ordmaiy nerves, and that it is only the 
arrangement of the plates m series by which these organs are distmguished 
and by which the great e^mf is attamed (Du Bois-Re}anond, 1877, Burdon 
Sanderson and Gotch 1889) It is therefore mterestmg to know whether the 
concentration of cholme esterase m the nerves supplymg the electric organ 
differs from that m ordmary nerves In Torpedo marmorata the enzyme con- 
centration of electric lobes and the nerves mnervatmg the electric organ appears 
to be higher than in the rest of the bram and m motor nerves (Feldberg, Fes- 
sard, and Nachmansohn) But m determinations earned out on Torpedo 
occidental'is Storer no significant difference was found between the QCh E 
values m the electnc lobe and its nerves and other parts of the central nervous 
system (Nachmansohn and Meyerhof, 1941) These experiments did not 
support the assumption that the nerves supplymg the electric organ are dis- 
tmguished from ordmary nerve by a special concentration of cholme esterase 

In order to get more information about this question the enzyme concentra- 
tion was determmed m bram and spmal cord of Ekclropliorus and compared 
with that m a gold fish {Carassius auratus) The Electrophorus belongs to the 
series Ostanophysi like the Cyprinidae among which are classified the carps 
and the gold fishes The specimen exammed was the larger eel Whereas m 
Torpedo there are special centers, the electnc lobes, which innervate the 
electric organs, the Electrophorus has no such centers The cell bodies of the 
nerves innerv'atmg the electnc organs are located m the spmal cord around the 
central canal These cells begm to appear m the spmal cord not far from the 
meduUa oblongata, their number mcreases toward the middle of the spmal 
cord and then decreases agam The spmal cord was therefore exammed at 
several distances from the medulla 

The values obtamed are given m Table V The QCh E values of the spmal 
cord of Electrophorus are rather low They do not differ at various distances 
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from the medoUa. In the spinal cord of the gold fish th^ are four tones as 
hi^ In the central nervous ^tem the valnes of the two species are Rhnilnr 
Only in the hypothalamus of the gold fish are they particularty’ high 40 0 and 
44.0 as compared with 16 8 m the Eledrophorus 

IIX Slnated Musd^ 

Electric organs are considered as modified muscle end plates phylogenebcahy 
evolved by transformation of striated muscle. Since the tune that Babuchm 


TABLE V 

ConceniraiWH qf Ckoiiru Estmn in Bmn and Spinal Card of EUoirophonu and 
Canssitts attraius 


PiitoioNa. 

1 w 1 

1 QChX. 1 

1 PartolCNa. 

1 ^ ' 

[ QOuE. 

Eltctfophoms 

Left cerebral hemispbere 

50 S 

7 2 

Hypophysis 

25 

4 6 

Right cerebral bemhpbere 

55 5 

8 9 

Medulla obL 

39 5 

6 4 

2 opde lobes 

75 0 

12 i 

Spbul cord dose to 

24 0 

6 3 

CcrebcHinn 

124 0 

12 6 

Spinal cord 30 on. from 

48 0 

2 8 

Area acmUco — later 

221 4 

0 8 

snout 



Hypotbalacnn 

45 0 

16 8 

Spmsl cord 60 cm. from 

53 0 

8 0 




snout 






Spinal cord 75 cm. from 

24 0 

8 0 




snout 



Carasshu attnias 

1 cerebral hemtyhere 

25 9 

6 0 

[ Hypothalamus 

52 6 

40 0 

2 opde lobes 

80 3 

16 2 



44 0 

CerebelhiiD 

67 6 

10 7 

Base of mid-brain 

27 0 

n 0 

2 vagal lobes 

90 8 

16.6 

Medulla obL 

83 8 

16 9 


16 7 

Spinal cord 

42 0 

U 6 






12 2 


Studied the ontogenctical development of Torpedc and described how the elec 
tnc plates gradualty develop from embryonic muscle fibers, there has been 
no doubt as to the genetic relations between the two tissues Every possible 
transitjonhas been observed between the phylogenetically lowest to the hipest 
form, especially m weak electric organs which are not so highly differentiated 
as the strong organs, and m which the discs may retain their muscular chorac 
tenstics even when the formation is perfcct. 

Quite different groups of striated muscles can be transformed mto electric 
organs. In Gymnotus the deepest part of the ventral trunk muscles is trans- 
formed mto the large electnc organs except the “intermediate muscular layer^' 
(Biedermann) It was thought possible that stnated muscles near the electnc 
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organ might be in a state mtermediate between striated muscle and electric 
organ, and that m this case the concentration of choline esterase in these 
muscles might be higher Therefore the enzyme activity was determmed m a 
few samples of the dorsal trunk muscles and m the mtermediate layer The 
determmations were carried out on the smaller eel The data obtamed are 
given m Table VI Only a few experiments were carried out but they clearly 
mdicate that the QCh E values are not comparable with those of ordmary 
striated muscle but are much nearer to those of electric organs It appears 
moreover that the enzyme concentration is higher the nearer the muscles are 
located to the electric organs the relatively highest QCh E values were found 
m the ‘'mtermediate layer " 210 0 and 141 0 In the dorsal muscles the 

TABLE VI 


Concentration of choline esterase in muscles of Electro phorus D = distance from the 
snout L >= location Inf = infenor dorsal trunk muscles, 1 » left, r «= nght side, sup ■= 
superior dorsal trunk muscles lun 1 = mtermediate muscle layer 


D 

L 

w 

QChE 

D 

L 

1 

W 

QChE 

32 

1 

Inf 1 

Inf r 

29 8 

1 

25 8 

90 6 i 
90 0 

190 0 

66 0 
67.0 

39 

Inf r 

Sup 1 

29 0 

18 3 

103 0 

29 0 

46 

Inf r 

28 8 

39 0 


Sup 1 

19 9 





39 

I m I 

Iml 

1 

12 8 

9 4 

210 0 

141 0 






superior group has a lower concentration than the inferior group As far as 
we know no histological studies have been made on these muscles It would be 
mterestmg to know whether these muscles are m a process of transformation 
towards electric organs and, if so, how far this process is developed 

IV Preparation of Enzyme Solutions from the Electric Organ 

Electric organs are a smtable material for the preparation of active enzyme 
solutions, owmg to the great amount of en^mie present and the low protem 
content Very active solutions were obtamed from the electric organ of 
Torpedo marmorata (Nachmansohn and Lederer, 1939) and recently from 
Torpedo occidentalis Storer = It appeared interesting to compare the solutions 
which can be obtamed from the electric organ of GymnoUis with those of Tor- 
pedo The preparation was carried out m the same way as that with the elec- 

* Nachmansohn, unpublished experiments 
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tnc organ of Torpedo about 500 gm. of organ from the large specimen were 
minced witb an automatic machine. The minced tissue was ground with sili- 
cate and centrifuged about 30 mmutes. About 500 cc. clear supernatant fluid 
were obtamed 1 cc. of this preparation split 650 mg ACh m 60 minutes. 
The protein content was 11.2 mg per cc 1 mg protein spht therefore 53 mg 
AC3i m 60 minutes In the preparations obtained in the same way from elec 
tnc organs of Torpedo 1 cc. of the solution split 400-1500 ACh m 60 mmutes 
1 mg protein spht 100-200 mg ACh per hour After the groimd tissue 
been centrifuged and the supernatant fluid removed 250 cc of 10 per cent 
ammonium sulfate solution were added to the extracted tissae The tissue was 
gitmnd agam and centrifuged The solution obtained in this way is more 
active per protem unit 1 cc. ^ht 487 mg ACh per hour and contained 3 71 
mg protein. 1 mg protem split therefore 131 mg ACh per hour But solu- 
tions prepared m this way from electnc organs of Torpedo were also more 
active per protem umt 1 mg protem spht 2-300 mg ACh m 60 mmutes. 

The electnc organs of Torpedo appear therefore to be a more suitable material 
for the preparation of enzyme solutions than those of Gymnaius This was to 
he expected from their higher en^me concentration. It is possible and even 
probable that m the organ of the small specimen where the enzyme con 
ccntration b not only higher than m the large specimen but also higher than 
m Torpedo, the solution obtamed would be more active than that from the 
organs of Torpedo But the amoimt of material available is rather gmalL 

DISCUESION 

These ex p e r im ents furnish new evidenc* for the parallelism between number 
of plates per centimeter e^lt per centimeter, and concentration of choline 
esterase Whereas until now this parallelism was apparent onty when dif- 
ferent speaes were compared, here it is shown that m the same organ great 
variations of enzyme conce ntr ation occur which arc essentially the same as 
those of v-w.y per centimeter and number of plates per centimeter 

The experiments sup port the view that a relation exists between ACh metab- 
olism and the mtensity of the discharge. If ACh is connected with the dis- 
charge it must appear and disappear m mllhseconds. If ^)eculation were to 
be excluded, the only known way for removing the active substance so rapidty^ 
B by the activity of the specific enzyme choline esterase The greater the 
potential difference becomes, the greater must be the amount of active sub- 
stance liberated, and the higher the concentration of the emyme Electnc 
organs are highty specialized m thar function *1116 discharge is hero the finwl 
event. The fact that a specific en^mie is so highly concentrated m this organ — 
so poor m protem — is in Itself support for the assumption that the substrate is 
connected'iitith its function Ifwe also recall (1) that ACh can produce potential 
differences if mjected into the organ, (2) that the potential difference is much 
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greater if the choline esterase is inactivated by eserinization of the organ, and (3) 
that the appearance of ACh durmg the discharge can be demonstrated m the elec- 
tric organ (Feldberg, Fessard and Nachmansohn, 1940), the theory of a close cor- 
relation between electrical changes and ACh metabolism appears justified 
As potential differences occur at surfaces (Hodgkm and Huxley, 1939) the evi- 
dence for a concentration of cholme esterase at surfaces (Boell and Nachman- 
sohn, 1940), IS m this connecfaon particularly pertment 
The voltage developed m a discharge between two pomts along the electric 
organ depends upon the emf , the current, and the mternal resistance accord- 
ing to the equation 


V’=£-IJi 

where H is the emf,/ the current, and i2 the mternal resistance The special 
conditions of these relations m the electric organ have been recently discussed 
(Cox and Coates, 1938) Two assumptions can be made about the way in 
which ACh may act (1) it can produce the emf duectly by action on the 
surface, (2) it can decrease the resistance and this agam by action on the sur- 
face, eg hy mcreasmg the permeabihty of the disc boundary In either case 
the parallelism described here could be explamed 
For the difference m enzyme concentration found between the large and 
small eel the foUowmg explanations appear possible The maximal discharge 
vanes considerably from one specimen to another even m animals of the same 
size The actual discharge of the two specimens has not been recorded It 
may be that the emf per centimeter was higher in the small specimen although 
it IS not at all likely that it was four times as high On the other hand the 
possibflity IS envisaged that ACh may act upon the resistance, and it may be 
that the drop m resistance per square centimeter of the disc boundaries varies 
with the size of the mdividual 


SUMMARY 

1 If the concentration of cholme esterase is determmed at different sections 
from the head to the caudal end of the electac organ of Eleclrophortis eleclnais 
(Linneaus) S-ULe curves are obtamed These curves are essentially the same 
as those which show the number of electric discs per centuneter and the e m F 
per centimeter 

2 In the organ of Hunter the concentration of the enzyme does not differ 
from that m the adjacent parts m the mam organ This agam comcides with 
the observations on the number of plates per centimeter m this organ 

3 The concentration of the enzyme was determmed m different parts of 
the bram and the spmal cord and compared with that m a gold fish The con- 
centrations here are of the same order, but m the spmal cord of the eel the 
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concentration is even lower than m the gold fish As the cell bodies of the 
nerves innervating the electric organ in the spinal cord, these results do not 
lend support to the assumption of a special concentration of the en^onc m 
these nerves 

4 In the muscles adjacent to the dectnc organ an enzyme concentration 
has been found which is of the order of that In the electnc tissue itself and much 
higher than m ordinary striated muscles, 

5 The suitabflity of the organ for the prq^aration of entyme solutions has 
been mvcstigated and compared with that of the organ of Torpedo 

It is a pleasure to express our thanks to Dr R, G Header (Section of Neuro- 
anatomy, Yale University School of Mcdicme) for assistance m the dissection 
of the central nervous system 
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THEORY AND MEASUREMENT OF VISUAL MECHANISMS 
VL Wave Length and Flash Duration in Flicker 
Bx W J CROZIER AND ERNST WOLF 
(J^rtym the Btdogical Laboraiones Harvard Untvtrniy Cambridge) 

(Received for publication, March IP, 1941) 

I 

For a square image sabtendmg ca 6 13® of visual angle on a side, centrally 
fixated, we have described the relations of flash frequency F to mean flash 
mtensity /* for recognition of flicker, as obtained with ‘Vhite” hght seen 
uniocularly and bmocularly and with vanous proportions of light ttmi* in the 
flash cycle (Crozier and Wolf, 1940-41 a, b) The data have been analyzed 
in terms of the concqition that, for each of the two populations of elements 
of neural effects combined in the typical duplex flicker recogmtion contour, 
the fundamental form is that of a normal probability summation m log 7. 
When the ‘*rod” and ‘*cone” contributions show extensive overlapping, as 
with man, the low mtensity segment of the curve is determined by the sum- 
mation of a partially inlublted ^‘rod” contribution of dements with those 
labelled as of “cone” origm 

The properties of these dements, defined by the summation of dF/d log 7 
as a fimction of log 7, have been studied for monocular and bmocular Btnnula 
tion and as a function of the hght time fraction. Their quantitative relations 
to the wave-length compositwa of the hght should be mqxirtant m a vanety 
of ways Certam of these questions are considered in the present paper It 
IS to be expected that modification of the wave-length composition of the hght 
win produce changes m the form of the low mtensity and of the high mtensity 
segments of the F — log 7 contour, and m the relations between them. This 
supplies an additional means of mvestigating the nature of the composite 
curve, and of the relations of exatable neural units to the dements of dis- 
criminatory effect which they produce At the same time it is inevitable that 
the data, properly mterpreted, should have significance for the problem of 
excitation as a function of wavelength It will be pomted out that some of 
the conditions required for the discussion of this matter can now be seen more 
concretdy, and that a preliminary ajqihcation of their meaning can be 
indicated. 

For four regions of the spectrum the fliticr response contour was determined 
with — 0 10 and — 0 90 of the cyde time, with the centrally fixated fidd 
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sliezdy used for ■^rhite light The points to which attention will be directed 
include the and other parameters {■/, of the P — log !„ cur\’-e as 

a function of wave-length composition, the relations of these parameters to 
the /i fraction, the \-anabiht}' of 7j, and the scatter of the indices of rariaPom 
The most recent and most eztensh e surve}' of the dependence of flicker upon 
spectral composiPon (Hecht and Shlaer, 1935-36) gives no informaPon on 
most of these matters Some important conclusions to be drawn are further 
supported bj* tests made in another part of the retina (Croaer and Wolf, 
1941—42) The findings will be considered as the}' bear upon the nature of 
cnteria for the aUocaPon of “cone” rr “rod” properties to visual data, the 



Fig 1 Transmissions of filters used for Ttohl, blue, green, and red 

more general quesPon of the meaning of such data for the deducPon of mecha- 
nisms of the pnmar}' penpheral ezataPon, and for certam quespons of color 
vision theoi}' 

The apparatus used and the procedure followed m these observaPons are already 
described, and need not be restated here One obsen er, W J C , was used through- 
out ObservaPons "■ere made monocularh deft eve) For the modificapon of wav e- 
length distnbutions use ""as made of Wratten filters Nos 70, 58, 47, and Coming 
Xo 511, givmg m this order red, green, blue, and violet The transmissions of these 
filters are shown m Fig 1, as measured m a photoelectric spectrophotometer In the 
tables the units of / purposelv used are flash bnghtness units, mill ila m berts, deter- 
mined b, photometnc equations with white, made below the color threshold for each 
Lght Under our condiPons these units are proportional to photons, as the ocular 
ev e-nng pro ided an efi’ectiv el> constant “pupil” 1 8 mm m diameter Xo correc- 
pon has been made for ocular transmission For certain purposes direct energv com- 
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pansons with the white light arc Important Such comparisons were made with a 
Mohl large surface thermopile and sensitive galvanometer, the thermopile being in the 
ejT position at the discnmlnomcter head (</ Crodcr and Holway, 193ft-39a, 1939-40) , 
these are referred to subsequently No attempt was made to work for more mono- 
chromatic beams, since it was desired merely to modif\ wave-length compositions m 
a convenient way and at the same time to cover as large as possible an mtensity range 

n 

The observationa^or the violet, blue, green, and red regions, at = 0 10 
and 0 90, are given m Tables I-IV Each entry is the mean of 10, and the 
dispersion of these 10 is given as PJE u, We consider first the analysis of 
the forms of the pair of curves for each color region, then the comparison of 
their propertiea* 

For each color, as for white, the shortening of the light time fraction moves 
the curve toward lower mtensities and increases the asymptotic mATimiim to 
which the curve rises. The curves are plotted m Figs 2 to 5 The uppermost 
parts of these curves, the so called “cone” sections, are m every case well 
described by a normal probability summation in log 7* (Fig 6) As with white 
light, at any given wa\ e length composition the slopes of the two lines for 
/£ = 0 10 and 0 90 on a probabUity gnd arc not delectably different, and thus 
ffiati IS the same (although diffenng according to the wavelength) 

In Figs 2 to 5 the probability mtegrals of Fig 6 have been continued toward 
F *=* 0 and the “rod” curves obtamed by difference The observations below 
the kink in the F -- log 7 contour were taken, like those above it, m ovtrlappmg 
groups Only for the vtdef did such successive senes disagree. One vtoiei 
set (TO with r= 0 90 below F *= 18 departed widely from the others. It is 
given m Table I, and is analyzed graphically m Fig 7 We tried m vam to 
repeat this senes, the explanation for its occurrence is unknown, it cannot be 
accounted for by techmeal error As an illustration of the kind of reprodua 
bility otherwise eipenenced we may refer to an mdependent scries made much 
later with the blue filter and » 0 10, not given m Table EC bat already given 
m the precedmg paper (Croaer and Wolf, 1940-41 b) 

The rising and the fallmg parts of the “rod” contribution dissected out 
in this way (Figs 2 to 5) are transferred to a probability gnd in Fig 8 Agam 
as with white light, the two rfsmg branches have apparently the same 
for each color, so far as can be told, and the fallmg branches do not The 
“rod” F — falls (moUi, blue, green) or rises {red) as Is mcreased, this results 
from the difference m shape and m degree separation of the several “cone ' 
and fundamental “rod” curves {cf Croncr and Wolf, 1940-41 b) 

As with white light, Fm*x (“cone”) dechnes with mcrease of the light time 
fraction, and r' decreases These relations are shown In Figs. 9 and 10 The 
rates of change (here assumed to be, as already shown in greater detail for 
white, and as checked by mcomplete data on red and blue at II ■= 0.50, recti 
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TABLE I 
Vtold 


log Im (ml ) and log P E ij,, an exceptional set given separately 


F per 

- 0 10 

/Z, » 0 90 

th 

- OPO 

fiCC 








log/n 

log P E 1 

log/m 

log P E 1 

log I'm 

log P E 1 

2 



6 6673 

7 9749 

4 0247 

3 6778 

3 



6 6641 

6 2054 






6 6614 

6 1654 



4 



6 6419 

6 4432 

4 3366 

5 8300 

5 



6 9881 

7 5241 






6 9667 

6 4193 



6 



4 1044 

3 5746 

4 6379 

5 1942 

7 



4 3079 

6 6429 






4 3098 

6 9135 



8 

6 3362 

1 7955 

4 6128 

3 8271 

3 0086 

5 4816 

9 



4 6642 

3 9428 



10 

6 7419 

6 2520 

4 8916 

5 4069 

3 3498 

5 6243 

11 



4 9973 

5 2475 



12 

4 004 

6 4326 

3 1463 

5 6062 

3 6020 

5 9052 

13 



3 2336 

5 5771 



14 

4 2286 

6 7256 

3 3573 

5 8726 

3 8816 

4 4519 

IS 



3 4966 

5 9058 






3 4760 

4 0250 






3 6061 

4 7116 



16 

4 6614 

5 2142 

3 6711 

4 1621 

2 1640 

4 6558 

17 



3 7723 

4 3524 



18 

4 7993 

5 2192 

3 8998 

4 4272 

2 4100 

4 8476 

19 

4 9426 

5 4081 

2 0241 

4 4848 



20 

3 6833 

4 1159 

2 1866 

4 9294 

2 6204 

3 1807 


3 6698 

4 1828 

2 1884 

4 4827 

2 6273 

3 0764 


3 6039 

5 6769 






3 1126 

5 6771 





21 

3 3330 

5 7619 

2 3771 

4 9902 



22 

3 6663 

4 6653 

2 7091 

3 1508 






2 7490 

3 3212 



25 

3 8668 

4 3531 

i 0289 

3 5099 




3 8726 

3 1469 

i 0049 

3 5270 




3 8682 

4 3071 

2 9911 

3 5183 



27 



i 1736 

3 8184 



30 

2 2086 

4 7355 

i 3693 

3 8828 




2 1968 

3 2666 

i 3167 

3 7121 



35 

2 6912 

3 0676 

1 6213 

3 9221 




2 6226 

2 0270 

i 6031 

3 9626 



40 

i 0429 

3 5765 

0 0229 

2 4921 




i 0671 

2 2560 

0 0260 

2 5647 




2 9960 

3 5647 
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TABLE l—Cendvdtd 



tL - 

OJO 

tfOSO 

1 tL~0X 





L . 

»£C 

\OZlm 

1q( PX.1 


lc,PJE,l 

k«/. 

faePX,! 

45 

i 3638 

5 8778 

0 4865 

2 8859 




i 4140 

3 9703 






1 3063 

5 1807 






i 34S3 

1 3108 






i 3673 

3 7753 





SO 

' i 7613 

2 1001 

1 0466 

1 8354 




i 9733 

1 3908 






1 9188 

2 4444 






i 7640 

5 5544 






i 7720 

5 9639 






i 8184 

1 2654 





52 

0 0376 

2 6018 





55 

0 6317 

i 4737 

1 0399 

0 2420 




0 4696 

2 9663 






0 4408 

2 9642 






0 3118 

2 6541 






0 3478 

2 8726 






0 3466 

2 8851 






0 4631 

i 0080 






0 8960 ' 

2 6186 





58 

1 0166 

1 9665 

3 0743 

1 7325 




0 9606 

I 4362 






0 9669 

I 3921 






0 9600 

i 5183 






0 9370 

I 1520 





59 

1 2716 

1 7580 





60 

2 9780 

i 8201 






8 0444 

1 6465 






1 8106 

I 4942 






1 6040 

0 0173 






3 0346 

0 6717 





61 

3 8789 

1 4278 





62 

S 4619 

2 4190 






3 2913 

1 9620 






ImpAf hmctions o! the light time fraction) are less than for white hght. As 
regards t', about the same rate of change (agam less than for whtt^ Is shown 
for all four colors, although the absolute values of r* differ With the 
rate of change is least for greater for G, 5, V in that order 

in 

We may now consider the pr o per ties of the “cone" curve parameters as a 
function of wave-length It is to be noted that color per se is not in question, 
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smce the level of occurrence of the color threshold at critical fusion intensity 
produces no modification in the form of the curve, and its position on the curve 
can be experimentally pushed about by changing the hght time fraction. 


TABLE n 
Blue 


F per sec 

li - 0 10 

tL ** 

090 

' log /m 

log PH 1 

log /in 

log PH I 

2 



7 3763 

9 6708 

4 



7 6883 

8 3120 

6 



6 0485 

8 3660 

8 



6 3229 

8 7401 

10 

7 4962 

8 7900 

6 6632 

7 0004 

11 

7 7098 

8 7943 



12 

7 8841 

7 2315 

5 0753 

7 4318 

13 

6 1150 

7 5385 I 



14 

1 6 3641 

7 7757 

6 6795 

6 1774 

15 

6 6934 

7 9182 

1 


16 

6 8195 

6 2166 

4 0383 

6 5917 

17 

6 0732 

6 4222 



18 

6 3916 

6 7108 

4 4422 

6 7871 

19 

6 6983 

5 0421 



20 

6 7928 

5 2569 

4 9997 

5 4108 


6 7833 

5 0801 



21 

6 9883 

5 4901 

‘ 3 2018 

5 6869 

22 

4 3061 

5 9131 

S 4692 

5 9095 

25 

4 6127 

4 0380 

3 7200 

4 2662 

30 

4 9243 

4 4593 

3 8776 

4 6074 

35 

3 3201 

4 6139 

2 3981 

4 7279 

40 

3 6825 

3 1473 

2 7818 

3 3942 

45 

2 1060 

3 3120 

i 1866 

3 5706 

50 

2 6936 

2 0347 

i 7873 

2 3444 

55 

i 6904 

i 6136 

i 0366 

i 4930 

56 



i 6066 

6 2067 

57 



2 1860 

0 7459 

58 

0 3219 

i 8353 



59 

0 7887 

0 1629 




WTien this is done the a\os / parameter is not changed We shall consider 
the color threshold mdications subsequently 
The cunous pomt is at once apparent that Fmax., for a given h percentage, 
can be higher (with violet, blue, green) than for white At the same tune the 
abscissa of the inflection pomt (save for the red) is less than for white The 
reahU of this drop is easil3 demonstrated bj' detennmmg at a given convement 
F the cntical flash mtensity for white hght, then droppmg a filter, say blue, 
m the path of the beam Thus atF — 30, /i = 0 50, log white was found 
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to be in one test (10 observations) « 1 7879, with the blue filter dropped m 
place, it was 1 0755 vnth no corredton made for the transmission of the blue filter 

TABLE m 


Green 


Fpcf sec. 

li,- 

' (UO 

It -090 

k«/. 

losPXi 

iofU 

k«PXi 

2 

? 97M 

S 4127 

£ 0403 

7 6359 

4 

6 1482 

8 7000 

6 8433 

7 8121 

6 

6 4411 

S 9579 

B 8233 

Z 1902 

8 

6 8016 

7 1851 

6 9820 

Z 2848 

10 

6 1602 

7 3278 

4 8879 

Z 9491 

11 

S 8179 

7 7291 



12 

8 4692 

7 8702 

4 6436 

5 1241 

13 

6 6740 

7 9442 



14 

E 6660 

6 1208 

2 8884 

J 3037 

15 

S 8274 

Z 2537 



16 

E 9837 

Z 4403 

3 1837 

J 6732 

17 

i U44 

Z 5515 



18 

2 2777 

6 M29 

£ 4084 

5 7810 

19 

2 3974 

Z 8337 



10 

2 6326 

Z 9507 

£ 8880 

4 0562 


2 6407 

I 3258 



21 

2 7026 

S 2040 

8 8818 

2 2889 

n 

E 0179 

S 4773 

2 1416 

2 7579 

23 

S 1641 

S 6069 

S 3889 

2 7182 

24 

1 2899 

J 7127 



25 

S 3786 

5 7113 

2 6603 

3 0102 

30 

E 6833 

4 1846 

2 8274 

3 2941 


S 6673 

2 0748 



35 

i 0776 

2 6332 

i 1763 

3 5717 

40 

S 4638 

3 0915 

i 6170 

3 8274 


3 4847 

3 0736 



45 

S 8661 

3 1524 

1 9900 

2 3929 

50 

1 4966 

3 7677 

0 6729 

1 1175 

55 

0 8628 

2 8836 

1 8432 

0 3348 

57 

0 0117 

I 4890 



58 

1 0787 

I 3467 

3 1166 

1 4797 


0 0066 

1 3752 



60 

8 4767 

I 1170 




1 6966 

0 4859 




The general lowering of r' and the increase of co rrespond, of course, 
to the meaning of a considerable variety of fects rdating to the action of colored 
hghts which have been curiously suppressed m the discussion of color theory 
as involvin g the general problem of excitatory efficiency We shall return to 
thlK In a foUowmg sectlom Here we need only comment on the fact that 
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this type of change is, in and of itself, consistent with the general lowermg 
of the bnghtness level required for violet, blue, and green wave-lengths (as 
compared with red) along the F — log I contour We say “consistent with,” 
because the same type of change is found for white hght when h is decreased, 
and (as demonstrated m the present paper) for smgle color regions The theory 


TABLE IV 
Red 


P per sec 

iL " 

■ 0 10 

IL- 0 90 

log In 

log P E 1 

login 

log I 

2 

6 6989 

7 9728 

4 6960 

5 0689 

4 

6 8639 

6 3329 

4 9481 

5 4192 

6 

4 1711 

6 7534 

3 2890 

5 6591 

8 

4 6369 

6 9153 

3 6631 

4 0521 

10 

4 9014 

5 3582 

2 0164 

4 6341 

12 

3 1696 

5 6409 

2 3262 

3 1796 

14 

3 4023 

5 8330 

2 6223 

4 8714 

16 

3 6889 

4 0843 

2 8301 

3 3010 

18 

' 3 9668 

4 2745 

i 0663 

3 5427 




i 0636 

3 5734 

20 

2 1833 

4 6001 

I 2888 

3 5664 


1 2 1701 

4 6978 

i 2847 

3 7944 

25 

2 6223 

4 8714 

i 6680 

2 0358 

30 

2 8398 

3 2684 

i 9890 

2 2521 

35 

i 1611 

3 5850 

0 2962 

2 6459 

40 

1 6431 

2 0760 

0 6666 

i 2359 


i 6407 

2 0760 




i 6407 

3 8175 



45 

i 8706 

2 5166 

1 0178 

i 9375 


i 9768 

2 4033 




i 9742 

2 4599 



50 

6 6172 

i 0531 

1 6060 

0 0451 


0 6192 

2 9342 



52 



1 9021 

0 1959 

55 

1 2678 

I 1166 



57 

1 9008 

0 1479 




of this mcrease of as a result of decreasmg II has been that the frequency 
of elementary contributions from exatable umts has been mcreased (Crozier, 
Wolf, and Zerrahn-Wolf, 1937-38 a, b, Crozier and Wolf, 1940, 1939-40 b) 
The mcrease of could thus be produced, other thmgs equal, by usmg hght 
of mtrinsically lower excitatory power, and this must be expected to automati- 
cally lower T 

This general situation cannot be reconciled m terms of photometnc bnght- 
ness, because of the data with red hght and because there is no correction 
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possible m terms of the “visibility function" for the several spectral regions 
we have used We are convmced that a distinctly different mode of approach 
must be exploited before a valid and fruitful connection can be detected between 
the data of flicker and some other data mvolvmg the problem of visual excita- 
bility as a function of wave-length We arc also of the opinion that, significant 
as such a connection must be for hypotheses of color vision, it has been unneces- 
sarily Ignored— although we do not need to detail at this pomt our reasons 
for the statement 

The theoretical analysis of flicker response contours has shown for the 
sunplex F — log I„ curves of invertebrates and vertebrates and for the data 



Fig 9 





Fig 10 


Fig 9 The relation between Fmax and the light time percentage, for the four 
colors used, and for white 

Fig 10 The change of the “cone” absassa of inflection (r') in the F — log /m 
curve as a function of the light time percentage 


on vertebrates (mcludmg man), that the magmtudes of Fmnx. are m direct 
proportion to the percentage dark time m the flash cycle (white hght), while 
t' is mversely proportional to this percentage (Crozier, Wolf, and Zerrahn- 
Wolf, 1937-38 a, b, Crozier and Wolf, 1939-40 b) The question therefore 
arises, as to how it is possible to obtam a larger total number of potentially 
efltective elements (a i^mox ) by usmg the blue hght, or violet, or green, filtered 
from a white, than by usmg the unfiltered white There are two general ways 
m which this question could be approached It could be supposed that dif- 
ferent regions of the spectrum have “antagonistic” effects when combmed 
m white Quahtatively, a number of different kmds of not very satisfactory 
instances could be brought m support of such an idea (cf Wilson, 1891, BabSk, 
1913, but cf Crofts and Inurens, 1924, Pohmanti, 1916, etc , and observations 
by Crozier and Cole, 1924, on the circus movements of Lwiax, as yet unpub- 
lished) It does not necessarily amount to a demal of this general conception 
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to insist that some further caDnsiderations must first of all be dealt with. These 
latter considerations arise because of the basic assumptions required by the 
properties of the F — log I contour The properties m question are of two 
kmds The nature of the anal3^cal function describing this contour, and the 
known quantitative attributes of its parameters 

The form of the function as a normal probabflity summation m log / js 
deduced on the basis that the neural umts crated fluctuate m their momentary 
thresholds and in their momentary contributions to the determination of the 
observable result For the e?amination of eratation os a function of wave- 
length of hght, and for the estimation of eidtabhities m different parts of the 
retina, means must be found for the separation of these two contributions— 
the number of units, and the frequency distributions of their contributions of 
elements of effect 

The mdependent properties of the parameters of the function — that is, of 
its asymptotic maximum (Faux.), of its abscissa of inflection (r0» and of the 
standard deviation of its first denvativc (<rio, i), demonstrate objectively that 
the situation is essentially mtdlwinaUf a situation, that is, in which the quan 
titative relationship to be foimd between any two variables is, in the last 
analysts, dependent on the prevailing magmtudes of the other variables operat- 
ing (Crorier 1939 1940 o, b) It thus becomes unpracticable to establish 
in advance of quantitative mfonnatlon anything in the nature of ‘'standard 
conditions” for the comparison of the wave-length effects. In the case of 
flicker, one cannot be assured that / or Fm**. will exhibit the same kmd of 
dependence on retinal area illaminated, retinal location of test image, light 
tune fraction, or temperature of the organism, for ll^ts o! different wave- 
length compositions In fact, so far as tested they do not 

One thin g can be indicated, however With whU and with lights of different 
colors the parameter (/la* i, the standard deviation of dF/d log I with Faax^ 
put = 100, is (for each wave-length composition) independent of the hght- 
time fraction (Croner, Wolf, and Zerrahn Wolf, 1937-^38 a, h, Crorier and 
Wolf, 1939-1940 bf and Fig 8) In the experiments where II is varied the 
assumption been that the basic exatabflity of the neural umts concerned 
is not affected, but merely the frequenaes with which they contribute ele- 
mentary neural effects One proof of this^ and an entirely adequate proof; 
IS foimd m the fact that F t—t is independent of temperature, and the tempera 
ture characteristics for excitabiUty are mdependent of the hght time fractioD 
(Crorier and Wolf, 1939-40 b) and of the form of the F — log / curve (cf 
Crooer 1939 a, Croaer and Wolf, 1939-40 a) Consequently we may legiti 
mately compare cr'ic* / for the vanous regions of the spectrum Indication 
should thereby be given as to the relative numbers of umts mvolvcd, qmte 
apart from the question as to the frequenaes of their contribubon to the deter- 
mination of the mea?”T^ twjiU Thft baris for this exnectation w fmmiUn 
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the now known results obtained by debbcrateh \ arjmg the numbers of these 
units m other wa>-s This number maj* be changed b} altenng the area of 
the test-field {cf Pieron, 1935, Hecht and Smith, 1935-36), b\ placmg it m 
different parts of the retma, and by changmg the level of hght adaptation from 
which dark adaptation is measured (</ Crozier, 1940 b) Speakmg of cone 
imits, it IS found that mcreasmg the number of cone units bnngs about (above 
a certam small number) a decrease of c’uf. i (Crozier, 1940 a), vhereas, when 
the “rod” function can be followed vithout thus far detected cone comphcation, 
mcreasmg the effectl^e number of rod units bnngs about an n, crease of their 
a'loi; I (Crozier, 1940 b) 

At the moment we deal onl}' with the “cone” branch of the duplex flicker 
curve, the “rod” portion must for \'anous reasons be considered separately 
We find (Fig 6) that the “cone” /, although mdependent of /l, is defimtel}^ 
a function of the wa\ e-length compiosition We ha\ e data show mg that for 
the several colored hghts used m the present observations the general rule 
here referred to is obe} ed when comparison is made with tests m a region of 
the retma where the cone density* is smaller (rf Crozier and Wolf, 1941-42) 
In the present measurements (Fig S), a'loc i is least for red, appro-omatel}* the 
same for srecn and bJ ic, greatest for the v.okt Although the differences are 
not tremendous, they are abundantly real It is significant that the rates of 
change of Fcaix. with /r, are (as already noted — Fig 9) m just this order The 
pomt has been made before m a general way that the shapes of the F — log 7 
curves for different wave-lengths do not differ greatly (Hecht and Vemjp, 1933, 
Hecht, Shlaer, and Smith, 1935, Hecht and Shlaer, 1935-36, Hecht 1937) 
The fact is, however, that form differences such as are here emphasized are 
contamed m these older data as well, although not necessarily m the same 
order In terms of the general proposition already stated, the r:ole/ here 
involves the smallest the red the largest number of cone units, and the grcea 
and the blue about the same mtermediate number The respecti\ e ■v’alues of 
Fz=xx. are m the general declmmg order (Fig 9). Wolet green, blue, red, and 
consequently there is a real quahtative agreement between the mdications 
pro\nded b\* these two parameters The indication is that the smaller number 
of “cone' umts pro\ndes the largest number of elements of effect For our 
u-Lde, cr'ic.E I is m between the \-alues for blue and red, the -s-alues of its Feux , 
although mtermediate, cannot be directly compared because thev" have quanti- 
tatn'dy a different relation to the hght time fraction 

Such considerations do not m many respects agree with some traditional 
mews of the basis of color (X) excitation It might, of course, be sought to 
Ignore the problem presented by supposmg that the data of flicker can give 
no information about %TSual excitation as a function of wave-length Perhaps 
some of the background for such an opimon could be found m \ague general 
impressions as to the basis for flicker photometry — a distmctl3’- different matter 
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But since differences of the general kind here stressed are certainty- vahd, as 
comparisons with earher observations show (Ives, 1912, 1922, dc ), It would be 
patently idiotic to deny their possible utflity The import th^ convey Is that 
the number of (“cone*') neural units eiated by red is more than for vtold, 
while the greeti and blue are mtcrmediate in this respect, like white And at 
the same time it is clear that the shght differences between the shapes of the 
flicker color curves are not inconsistent with the more modem view (Hecht, 
1931, 1932, 1934) according to which color vision data can be described m 
terms of the spectral senaibihty distributions of (three) speaes of [retinal] 
cones, of approximately equal numbers, and of approximately the same spread 
of wave-length senslbflily The hitch in this general view is m the definition 
of ‘‘senslttvity^’, from the flicker data it can be assumed that the numbers of 
responsive cones m the three primary classes are about equal, or at least not 
very unequal but the elements of neural effect they produce differ m number 

Disregardbg for the present the possibflity that different regions of the 
spectrum may m whtie “act antagonistica]l> for which special testa can be 
devised, and which is certainty not mconsistent with the present data, it is 
obvious that the facts thus far presented have no simple relation to traditional 
hypotheses of color vision It cannot be asserted that red for example, or 
blue, acts simply on one-third or one-quarter of the "cone" umts, if the white 
acts on all of them. The discussion of this problem is usually undertaken m 
distmctly different terms, namely with reference to the Intensity required for 
exatation, for example at the visual threshold. The question then becomes 
one of reducing the flicker data to a vahd basis for the comparison of wave- 
length effects. Comparisons carmot bemade affixed values of or of /», smee 
the forms of the curves are not the same We can, however, eliminate some 
of the comphcation due to the difference between number of untU activated 
and number of elemenls of effect produced by findmg (graphically from Figs. 
9 and 10) the values of ft which reduce the color curves to the same 
(this does not change /) , from the graphs the correspondmg values of the 
abscissae of inflection r* are then read From these -values of the flash m 
tensity I and of tc the mean relative photometric energy flux is obtamed for 
activation of 50 per cent of the flicker recognition elements, as a function of 
the spectral region, imder such conditions that each spectral region can activate 
the same total number of elements. The data for a comparison of this kind 
are given m Table V 

The calculation is necessarily rough- For one thing the slope of the r' 
(and F«ai ) vs II function is higher for white than for the colors, so that the 
result depends somewhat upon the level of Fmmx chosen Moreover, the 
colored h^ts used are not monochromatic. Nevertheless it is apparent that, 
m terms of mtensity as estimated by dim h^t visual pbotometry against 
white, the mnnmnm of effectiveness is m the blue-green, the minimum in the 
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Violet When (Table V) the intensities arc corrected to an energy basis by 
means of the thermopile measurements, the mean value of t' (for the fixed 
^mox ) for the 4 colors (2 58) is in good agreement with that for white (2 60) 

It is not at all impossible to cmplo}’- this method of analysis under conditions 
of greater refinement as to X The customary method of procedure compares 
threshold mtensities under fixed conditions TJic present general method 
deals with the mtensities required to produce proportionately equivalent effects 
as measured It thus avoids the impossible assumption that threshold effects 
are “constant” and “equal” {cj Crozier, 19395, 1940a) From data on A/o 
as a function of exposure time it would be possible to estimate (c/ Crozier, 
1940a), with area fixed, the value of log /erp required for 50 per cent activation, 
as a function of X Such estimates would, for this area and retinal position, 
give basis for a vahd visibility curve Similarly, the analysis of differential 

TABLE V 

From mtcrpolated values (Figs 9 and 10) of + tn) the levels of r' are estimated 
which are connected with Fmx = 58 5/scc., for four spectral regions and white The mean 
energy flux (with flash mtensity m photometric units) cnUcal for flicLcr is then given nt this 
pomt of 50 per cent activation in the corresponding “cone” populations of elements, and 
from thermopile readmgs in the last column 



tt4 for /‘max 

58^ 

T' 

1 

Log relnfi\c Diran 
flux 

TOtb tiennoplle 
correction 

Violet 

91 

i 31 

i 27 

2 76 

Blue 

69 5 

3 66 

3 50 

2 39 

Green 

87 8 

2 72 

2 66 

2 94 

Red 

37 

2 63 

2 20 

2 23 

White j 

25 

i 20 

2 60 

2 60 


mtensive excitabihty (1/A7) as a function of X and of Ji (c/ Crozier, 1940c) 
can be made m precisely the same manner Only m this way, it appears, 
can mvanant mdices be discovered makmg possible the real mterpretation of 
the influence of such other variables as, for example, oxygen pressure 
The rdle of the mtensity at fusion can be rather directly seen m the behavior 
of the color thresholds In Figs 2 to 5 the flash mtensities at the appearance 
of color on the IF — log I curves are for any one color separated by 0 86 ± 
Oil log umt, smee the mean flux along the two curves (f^ = 0 10 and 0 90) 
differs by 0 95 log umt, and smee observations were not made contmuously 
along the curve but at comparatively coarse mtervals, the agreement is taken 
to be close Similar considerations hold for other subjective phenomena along 
these contours (cf section V) 

IV 

The appearance of the raw “rod” curves m Figs 2 to 5 is m a general way 
similar to that already known {cj Hecht and Shlaer, 1935-36) For the same 
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test area and Ught fame fraction the whUe curve rises more abruptly and 
crosses the lines for the colored lights, when the “cone” curves are brought 
together by putting their mdection points at the same flash intensity (Fig 11) 
The Hue curve is more nearly horizontal than the others, the red steepest, 
tuolrf and green are mtemediate and do not differ greatly 
When the “rod” contribution is dissected out by the method previously 
illustrated it is found that ir'ioc r for the ascending curves is, as nearly as can 



Fto. 11 The comparative slopes oi the losver segments of the F — log Im contours 
for white (Crozfer and Wolf, 194(MI6) and four colored fights, nt ft - 0 90 the cone 
abscissa of inflection being brought to the same log I 


be told, mdependent of ft (as for white) and of the (apparent) ‘trod” Fpm 
for each color It is greatest for the green, mteimediate for blue and twJef, 
least for red The red i/n* r is less than for any of the others, indicatmg a 
smaller population of (rod) eratable amts, but this is not necessarily true for 
other parts of the return. This order differs from that with the “cone" curves 
(section m) in the relatively larger fundamental population of units thus 
indicated for the green, and smaller for red It has already been shown (Cro- 
sier and Wolf, 1940-Alb) that the form of the dedtntng “rod” curves must be 
understood as due to the progressive mhlbition of “rod” elements, and that the 
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value of tlie "rod” is governed in the same way We might then expect 
that a certain direct correlation should obtain between the apparent Fmnx 
and the log I separation of the inflection pomts of the "rod” and "cone” sum- 
mations For any one value of /z, it is clear that (except for white) this rule 
IS obe^-^ed tlius at /z, = 0.10 we have 


Violet 

Computed "rod” Pmar 

6 4 

(r'eoof,--r' 

3 94 

Blue 

8 2 

4 02 

Green 

4 4 

3 35 

Red 

4 2 

2 97 


IVith fuller information it might be possible to derne the unhampered form of 
the "rod” cmw'e as a function of wave-length, but this cannot now be at- 
tempted We can rely onl}-^ on the suggestion obtained from the (t'iok i 
dices 

In speakmg of the separation of "rod” and "cone” effects it is necessary to 
point out that, as with white light (Crozier and Wolf, 1940-41i), the m- 
dications provided b}’’ different criteria for the incidence of “cone” effects do 
not give an entirel}' consistent picture The kink in the F — log 7 contour has 
commonly been taken to give a dividing point betw een rod and cone function, 
under certam conditions (white light, and the usual /z, = 0 50) this pomt 
comcides pretty weU w itli the transition to a “smooth” appearance of the field 
as critically adjusted for fusion and the change of the character of the ‘Tlim- 
mern” end-pomt to a fine-lmed flicker With other light time fractions this 
correlation is upset So also w ith co/or at the flicker fusion end-pomt Careful 
note was made durmg the experiments as to the subjective appearance of the 
criticaU}’- fused field at the pomts plotted along the curves and at various places 
m between The color thresholds as obsen ed m this w ay are marked on the 
graphs, as w eU as the levels at which, progressmg upward, the field assumed a 
smooth appearance (i c , no longer granular or "frosted”) 

From these records it is evident that, w ith violet, blue, and green, h = 0 10, 
the pomt of appearance of the proper color is rather high up on the cuive 
With red it is relativety a little lower Usmg /z, = 0 90, however, the color 
pomt is pushed down close to the bend for hhic and red although stiU far 
above it with viotet and green The smooth tj'pe of field-at-fusion maj’- appear 
above or below the color level, m different cases A certam amount of fluctua- 
tion IS found mthe occurrence of these pomts, and this is easily influenced by 
fatigue With violet. Hue, and green the contrast after image color is detectable 
at critical flash-frequenaes below the color pomt We are convmced that the 
S5'stematic exammation of these matters can be rewardmg, but at present it 
need onlj' be emphasized that the criteria of separation of cone function as ob- 
tamed from the shape of the cun^e have no necessar}^, simple relationship to the 
others mentioned Sirmlarl}’-, the smooth "blue-graj'-” character of the field 
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along the “rod” cur%e may (nolcl, red, — 0 10) persist rather far up the 
“cone” branch or fall the colors, /r, = 0 90} it Tna\ gii.e vay to a speclJed, 
granular field at half the distance up the “rod” cun e 

The uruocular flicLer resjxmse measurements ^nth vrhite hght ha\e shorm 
that the rrecn proportionahl^ constant for the rectflmear relationship betvreen 
Ir- and the dispersion of Ii is mdependent of the hght time fraction (Crozier 
and Wolf, 19~0-41b) At the same tune, it is not independent of organic, 
central nen o js factors, it is reduced b% bmocular regard m the ratio oi\^ 
1 (Crozier and IVolf, 1940-41a) For a gnen i-alue of consequently, m- 
dependendy of F, the associated ^-anation of h is independent of the total popu- 
lation of potentially excitable elements (a F^,), but is a function of the potenej' 
v-hich these elements exercise m effectmg the statistical discr imin ation of hght 
from darLness m the flicker cycle Fig 12 shons, vhen the corresponding 
proportionahty constants are evaluated, that there is no relation between this 
factor and ■5va^ e-length composition, because it is constant This agrees inth 
what vre knov (Crozier and Hol7*ay m preparation) on the basis of AT deter- 
minations with colored hghts 

There is, however, a definite correlation between the scalier of the dis- 
jiersfon mdices and , both as regards the effect of the hght time fraction 
and of the wave-length composition {pidlcl, Vue, green, red) This is crudely 
visible in Fig 12 It is easily stated more exactly by giving the mean and the 
S D of the distribution of the proportionahty constants (<^ Crozier and Hol- 
way, 1937; Crozier and Wolf, 1940-41a) As the total size of the potentially 
a-vailable group of (cone) units is mcreased, the precision with which Cui 
(and thus !„) is determined is definitely diminished This corresponds to the 
fact that with irbde (Crozier, 1940) mcrease of size of the cone population of 
units (and thus of the elements of effect th^' produce) mcreases the disper- 
sion of their effectiveness (denotmg “mteraction”) The spread constants of 
bands in Fig 12 follow thi<; rule, except for red 1^ = 0 90, where two pomts 
only are aberrant, the \alue for tw/el It, = 0 10 is also rather high Sporadic 
occurrence of irregular cases of this kmd is, of course, to be expected on grounds 
of statistical samphng For green and hlue the spread constants, at a gn'en 
F— tx., 2 re less than for white Highly homogeneous data would be required 
for the further development of the possibilities here suggested 

VI 

smiimEY 

For spectral regions associated with -vnolet, blue, green, and red the relation 
between mean critical flash mtensity' for -vrsual Sicker and the Sash frequency 
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F is modified as already found with white light when the light time fraction 
m the flash cycle is changed. For a square image 6 13® on a side, fovcalty 
fixated, the “rod” and "cone” contributions to the duplex contour arc analyzed 
in the way already used for white. It is pomted out that several customary 
qualitative cntena for cone functioning do not necessarily give concordant 
results The analj'sis shows that the three parameters of the probability 
summations givmg the *‘rod” and "cone” curves are changed mdependently as 
a function of wave-length composition of the light, and of the light time frac 
bon 

The correlabon of these changes, and of those found m the associated vari- 
ability functions, can be understood in terms of differences m (1) thenumbers 
of neural umts potentially exatable and (2) m the numbers of elements of 
neural effect obtamed from them. In a moltivanate situabon of this kind it is 
necessary to compare mtensibes of luminous flux required to activate half the 
total populabon of potentially available elements when this total size is held 
constant for the different conditions. The results of this comparison, for the 
filtered lights used, are discussed in relabon to certam aspects of eiatabon w 
wave-length The problem is a general one, arising where the effects produced 
as a funebon of a particular variable are concerned In the disUncbon between 
(1) umts exated and (2) the acbons they produce may be femnd the due for 
the cunous fact that with certain wave-lengths the cribcal mtensibes are lower 
than for white. The extension of the observations to other parts of the retina 
may be expected to further this analysis 

CITATIONS 

Babdk, E., 1913, Z Psyckd u Physiol SinncsoTgane, Aht Stnncsphysu/l 47, 331 
Crofts, E E., and Laorens H,, 1924 Am J Physiol 70, 300 
Crorier, W J 1939a, Proc Nal Acod Sc., 26, 78 I939J, Science, 00. 405 1940a 

Ptoc Nal Acad Sc., 26, 54 19406 26, 334 1940c 26, 382. 

Crozier W J,, and HoIwa> A. 1937 Proc Nat Acad Sc. 23, 23 1938-39a, 

J Gen PAynW,22, 341, 1938-396 22,351 1939-40,23, 101 
Croner W J, and Wolf E, 1939-40a J Gen Physvjl.,73, 143, 1939-406 23, 531 
1940 Proc Nat Acad Sc., 26, 60 1940-4Ia J Gen FAvxw/, 24, 505 1940- 

416 24, 635 1941-42 26, In press. 

Crocer, W J , Wolf, E and Zerraho Wolf G , 1937-38a J Gen Phystol 21, 313 
1937-19386, 21, 463 

Hecht S 1931 Ergthn Phys{ol.,S2,243 1932 A quantitative formolatlon of colour 
vitron. Report of a Joint Discuasion on Vision, Cambndge, Univernty Press. 
1934, Vision IL The nature of the photoreceptor process in Murchison, C, A 
handbook of general eipcnmental pathology, Worcester Clark University 
Press, 704 1937, Physiol Rev 17, 239 

Hedit, S and Shlaer, S 1935-36 J Gen Phystol 19, 965 



no 


COLOR AND FLASH DURATION IN FLICKER 


Hecht, S , Shkcr, S , and Smith, E L , 1935, in Cold Spring Harbor symposia on 
quantitative biology. Cold Spring Harbor, Long Island Biological Assoaation, 
3,237 

Hecht, S , and Smitli, E L , 1935-36, J Gen Phystol , 19, 979 

Hecht, S , and Vcmjp, C D , 1933, Proc Nat Acad Sc , 19, 522 

Ives, H E 1912, P/fil ^fag 24, senes 6, 352 1922, Er Opt Soc A n:cnca, 6, 254 

Picron, H , 1935, CompI rend Soc biol , 118, 25 

Pohmanti, 0 , 1916, Arch ital biol 64, 300 

Wilson, E B , 1891, ^w; NaluraltsI 26, 413 



X RAY AND CRYSTALLOGRAPHIC STUDIES OF PLANT VIRUS 
PREPARATIONS 

L Introduction and Preparation or Spzchiens 
n Modes op Aggregation of the Virus Particles 
Bt J D BERNAL ai*d L FANKUCHEN* 

(Ffwn tkt Depariment of Pkyncs, Btrkheck Unwrsiiy of London) 

Plates 1 to 4 

(Received for pabUcation, March 14 1941) 

INTRODUCTION 

Since their onguml isolation by Stanley in 1935, the protein preparations 
from plants suffering from virus divases have been much studied, but chiefly 
chemically and biologically This paper is an account of a physical and crys- 
tallographic study of virus preparations which was earned out in conjunction 
with the work of Bawden and Pine (1937 a, 1938 o, 5, c) 

The interest of this study is twofold, physical and biological The properties 
of the VITUS preparations, particularly those that exhibit liquid crystal charac 
ter, show many novel phenomena that throw much hght on physicochemical 
problems, especially on those of colloid systems Th^ have revealed un 
suspected r^iulanlies m the arrangement o5 long particles in anisotropic solu 
tions, and thrown light on the structure of the vanous forms such liquids ex- 
hibit- The study of these substances has necessitated the development of 
new techniques of x ray analysis and has resulted m the extension of their use 
to the measurement of repeat distances of the order of hundreds of Angstrom 
umts, thus going far to bndge the gap between x ray and microso^ic ob- 
servations- 

The properties revealed by these methods are exhibited in perfection by the 
virus preparations, but there is no reason to believe that thty are confined to 
them, smee they might occur m any aggr^ete of similar and markedty aniso- 
tropic particles- But x ray analysis has revealed mtemal structures which 
are characteristic of the virus particles themselves * This is shown by their 

• Now National Research Fellow m Protein Chemistry, Physics Department 
Massachusetts Institute of Technology, Cambndge, Mass- 

^ We have designated throughout the particles found m virus preparations as virus 
particles without prejudice to the question of whether they are or are not the Infective 
agenL Thtw can only be answered biological means but already the weight of 
evidence seems to mdicate that they arc (see Bawden and Pirie 1937 o b 1938 a b) 
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relative independence of the state of aggregation and by significant diflPerences 
behveen different strains and species of virus The virus particles have been 
shown to possess a regular internal structure which can be partially interpreted 
These structures show interesting sunilaritics and differences from those of 
both crystalhne and fibrous proteins and help in turn to throw light on theu- 
constitution The x-ray and optical studies are complementary to the bio- 
logical mvestigations of the virus and give a more concrete picture of the 
different states m which it exists both in nature and in artificial preparations 
Fmally, the comparative study of these structures shows an interesting 
parallelism with their biological relationships 

The Progress of the Itivcshgalton 

In givmg a rational account of all these somewhat complex phenomena, it is 
necessary to depart widely from the historical order of discovery It may 
therefore not be out of place to preface it with a short account of the actual 
steps of the work which will also serve as an mtroduction to all the mam 
phenomena observed 

In 1935 Stanley isolated from tobacco and tomato plants suffering from mosaic 
disease substances which he described as crj'stalline and which appeared to possess 
the properties of the virus Shortly afterw'ards, Bawden and Pine, using different 
methods of preparation, obtained solutions which separated into two layers, the loner 
of which exhibited a marked sheen It was at this stage that n c first examined the 
preparations and observed the spontaneous birefnngencc of the bottom layer solution 
and the flow birefnngence of the top layer solution The next stage was the produc- 
tion from these, by di^ang, of oriented preparations, the so called "net” and “dry” 
gels 

An x-ray examination of the dry gel showed a fibre diagram similar to that of many 
protems It also showed what appeared to bo strong equatorial reflections at very 
low angles X-ray apparatus was developed to study these in detail and this revealed 
a pattern of live reflections corresponding to a hexagonal close packing of long particles 
with a diameter of approximately 150 A 

At this point the x-ray investigation diverged mto two hnes One dealt with the 
high-angle scattering and consequently with the internal structure of the particles, 
and the other with the low-angle scattering and consequently largely, though not en- 
tirely, with their mutual arrangement These investigations are referred to subse- 
quently as “intramolecular” and “mtermolccular” respectively 

It was early shown that the intramolecular x-ray pattern was independent of the 
state of aggregation, dry and wet gels, bottom and even top solutions giving approxi- 
mately the same pattern This showed the persistence of a definite unit uhich may 
be properly called the virus particle 

The mtermolecular pattern, however, showed a complete and quantitative depend- 
ence on the state of aggregation All preparations, except the top solution, showed 
a regular hexagonal arrangement of particles, in which the particle distance vaned 
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With the concentration This showed that even m weak Bolutlons, forces were acting 
between the particles capable of preserving a parallel and equidistant arrangement 
An important negative result was that no indication of the length of the particles 
could be found by x rays (Bawden Pine Bernal^ and Fankuchen, 1936) 

It was next shown that the crystals* originally desenbed by Stanley (1935, 1937), 
were identical with the wet gel preparations and possessed therefore regulantj only 
In two dimensions and not In three as m true crystals. It could then be said that 
all but one of the phases of the virus had substantially the same structure The one 
exception was that of the crj’stals found In some infected plants which were too 
for X ray examination but apjieared to be true crystals confinnmg the idea that the 
virus existed In a different form In the plant from that of any of its preparations studied 
by us, (However see the pajier by Lonng Lauffer and Stanley, 1938 ) 

Examinations of the Intra and Intermolecular patterns of different strains of to- 
bacco mosaic virus, cucumber viruses 3 and 4, and potato virus \ (Bawden and Pine, 
1937 h 1938 a) were also made and showed significant and llluminatmg similarities 
and differences (Bernal and Fankuchen, 1937) Subsequent observations have clan- 
fied and to a certam extent corrected these findings An unexpected discovery was 
that of the single crystal character and the secondary onentation relative to the water 
surface of the gels formed by drying This onentation p not shown by the particles 
themselves demonstrating even more dearly the mdepcndence of the mternal struc- 
ture and the external arrangement of the virus partldes 
More detailed Investigation of the Inner structure of the partides brought to hght 
a high degree of rcgulanty and complexity The most perfect results were given by 
solutions, showing that the mternal regularity is a charactemtic of the virus partide 
Itself (Bernal, 1938) The complexity of the x ray pattern for long baffled interpreta 
tion until it was discovered that it was due to the presence of intensity manma not 
conformable with Bragg's law owing to the small number of cooperating planes It 
was then possible to establish a hexagonal unit cell (a — 87 A c -» 68 A) and to say 
something of the Internal structure and Its resemblances to and differences from those 
of the aystallme proteins that have been studied by x rays 

A most fundamental simplification resulted from further study of gels of different 
water contents and also of those swelled in aad and salt solutions This showed con 
dunvely that all degrees of interpartide distance were possible and that there was no 
fundamental distinction be tw e en dry geb, wet gels, and bottom solution 'Ihesc arc 
aD one phase with top layer* solution as the only other p h as e . It farther showed 
that the particles did not swell on wetting as had been thought at an intermediate 
stage of the investigation, and that their distance apart was entirely due to the proper 
ties of the solution m which they were immersed A knowledge of this at once made 
apparent the explanation of the special physical properties of the virus — separation 
into layers, tactoid formation, etc. Indeed the theory can be further generalised to 
explam many coQoid phenomena, such as thlrotropy, and the structure of gels A 
very promisuig oqilanation been furnished by the theory of Levine (1939, a b, c), 
which accounts for the interpartide forces as due to interpenetration of Ionic atmos- 
pheres, Finally one senems gap in the investigation of the virus, namely the question 
of the length of the partide, has probably been settled by the remarkable achievement 
of Kausche and cowotkers (Kausche ti oL 1939), who have suc cee ded In photograph 
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mg isolated virus particles in the electron microscope Their observations arc com- 
patible with the picture of a thin straight particle of 15 m/i thicl ness, but show that 
the length is always a multiple of some unit of minimum length of the order of ten 
times the thickness, lengths beyond the range of observation of the x-ray methods 
used here 

All these results can be fitted into a general picture in which, how'ever, only the 
outlines can be claimed to be well established The views presented here must be 
taken as superseding in the light of fuller evidence those put forward in our carher 
publications 

In what follows an attempt is made to achieve a logical order of presentation 
In Part I a general description is given of tlie different phases of the virus 
preparations and of the methods used for examining them In Part n the 
mutual arrangements of the particles in the different phases is discussed as 
well as the conditions controlhng the relations between them In Part m, 
Section 1, the evidence for their internal structure is presented, the relation 
of this to the structure of proteins is considered and on the basis of this, certam 
suggestions for possible structures arc put forward In the second section 
of Part m, comparisons are made between the structures of different strains 
and kinds of virus, and the possible biological imphcations of the physical 
mvestigations are discussed 

Preparation and Description 

The purified virus preparations examined W'ere (a) Tobacco mosaic virus, 
ib) enation mosaic virus, (c) aucuba mosaic virus, (d) cucumber virus 3, (e) 
cucumber virus 4, (/) potato virus X strain P, (g) potato virus X stram G, and 
(/;) tomato bushy stunt virus All these were prepared for us by Bawden 
and Pme For their methods the reader is referred to the origmal papers 
(Bawden and Pirie 1937 a, b, 1938 a,b) 

We received the material except for the bushy stunt virus m the form of hquid 
crystalline solutions, containing from 5 to 34 per cent of dry weight virus These 
several substances were examined in very different degrees of detail The tobacco 
mosaic virus, which w'as not only the easiest to obtam but the stablest preparation, 
was most studied In what follows all descriptions w ill be supposed to refer to it or 
to its very similar strains unless othenvise specified 

The properties of the virus preparations depend primarily on the concentration of 
virus There are only two distmct phases, the disordered, and the ordered The first 
is referred to as top layer solution and is an opalescent isotropic sol The second 
vanes from an anisotropic sol, referred to as bottom layer solution, through vanous 
stages of viscosity and ngidity to wet and finally to dry gel Though all these form 
one phase and are not as w'as previously thought separate phases, it is convenient to 
treat them separately as they require different methods of preparation and examma- 
tion Top layer solutions are found for dilutions containing less than 4 per cent dry 
matter m the less well punfied (and also probably less well aggregated) preparations, 
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PURIPIEO UMPURtnEO 



Text Fia 1 General scheme of virus preparations 



Tect Fio 2 CcD for making onented dry gd* 
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or less than 1 8 per cent in the purest preparations In concentrations greater than 
1 8 per cent or 8 per cent according to the degree of purity and less tlian 34 per cent, 
the solutions referred to as “bottom layer,” are spontaneously bircfnngent (Text- 
fig 1) The more concentrated of these solutions were prepared by centnfugation 
(Bawden and Pine, 1937 a) Ban den and Pine describe tliem as jellies They show, 
however, complete continuity with the more dilute solutions, differing only in their 
greater viscosity and we accordingly consider them to be part of the same phase as 
the bottom laj^er solution 


Preparatton of Wcl and Dry Gel 

The solutions on drying in ordinary vessels form a skin on the surface, which was 
early found to be birefringent and therefore showed that the particles were onented 
relative to tlie air-water interface This property was made use of to prepare onented 
specimens of wet and drjr gels by controlled evaporation in a simple cell A drop of 
virus solution is introduced between a microscope slide and a cover-glass, kept apart 
by two glass threads, which can be of various thicknesses, according to the amount of 
matenal and thickness of gel required The slide is then gently tilted so that the 
hquid fills the space between the glass rods dowm to the lower edge of the cover-shp 
(Text-fig 2, and Plate 1 Fig I) The upper surface of the hquid being relatively 
protected from evaporation by the narrow space betwxen the cover-shp and the shde 
does not form a skm Most of the evaporation accordingly takes place through the 
skm at the bottom on which the sohd material is deposited forming ultimately a layer 
of wet gel consistmg of a single “crystal ” The process is gradual and can be foDowed 
m a microscope At an mtermediate stage it could be seen from the birefringence 
that the concentration of the solution increased up to the sharp boundarj'^ of the wet 
gel where it attains the limiting birefnngence of about 0 001 The wet gel forms a 
layer sharply distmguishable from this with a birefringence of 0 006 This distmc- 
tion seems, however, simply to be due to the speed of dtying and the inabihty of the 
more viscous concentrated solution to diffuse into equihbrium The consistency of 
the wet gel vanes accordingly with the speed of drying On the outside the wet gel 
appears to pass also with a sharp boundary mto dry gel which has a low'er birefnngence, 
0 003 A shrmkage amountmg to about 50 per cent — limited necessarily to one 
dimension — occurs in the diymg out of wet gel On further drymg longitudinal, 
and less frequently, transverse cracks occur, leaving single pieces of approximate 
dimensions 10X05X05 mm , which can then be examined as are ordmary cr^^stals 
by x-rays This method of preparation of onented surface layers of considerable 
thickness is one we have subsequently found to be of very general utihty By means 
of it we have prepared, for example, onented specimens of nucleic acid and of the 
hpoid contaming antigen from Brucella 

Wet gel specimens for x-ray examination cannot be obtamed m this way, as the 
matenal is softer than butter, and could not be removed from the cell without de- 
stroymg its onentation This difficulty can be overcome m two ways A mass of 
wet gel can be reonented by rollmg between glass plates m a low temperature room 
to avoid loss of water The onented cyhnders can then be transferred to the thm 
glass cells desenbed below (p 119) Alternatively, rewet gel can be used A piece 
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of dry gel can be introduced Into a narrow thin walled tube and a suitable liquid — 
water, aad, or salt solution — can be introduced through a line capillary Except in 
extreme cases the gel swells without losing its onentation Swellmg can be limited 
by adding measured quantities of solvent or equilJbnum swellmg reached by fiDmg 
a section of the tube with the appropriate solution 

The * crystals” precipitated from solutions by add (Bawden and Pirie, 1937a)^ can 
be separated by centrifuging m the end of an E2 Chamberiand filter candle (Bawden 
and Pine, 1937fl),* the buttery mass rolled and transferred into the special (de- 
scribed below) m the same way as for the completely wet gel from which it is mdis- 
tinguishable as will be subsequently shown (p 129) 

Optical Examtnaiion 

The optical studies on the virus were made with a Swift Dick polarising microscope. 
For examination of the solutions the sunpic ccU described above was used, but where 
thicker preparations were required, free from the danger of evaporation, a cell con 
slsting of two microscope slides separated from each other by a rubber sheet gasket 
and held together by brass dips was used (Text fig 3) Capillary tabes are also use- 
ful for certain purposes and their refractive effects were neutralised by immersing 
them between, slide and cover-glass in a mediom of suitable refractive mdex (Plate 
2, Fig 11) 


X^Ray Exammaiim 

The standard x ray apparatus used for the study of small crystals requires to be 
modified in two directions both m order to measure low angle reflections and to cn 
hance their intensity To study adequately the large spaangs which were observed 
it was necessary either to use longer wave-length radiation or to examine the diffrac 
tion at smaller The reason many of the phenomena here described were not 

discovered earlier was probably due to the choice of the first method. In dcddlng 
what radiation to use three factors must be borne in mind — the actual dispersion 
grven by the radiation which at wthhII angles is directly proportional to its wave-length, 
the absorption In all substances which is approximately proportional to the cube of 
the wave-length used, and the difficulty of producing the radiation which m turn 
depends on a number of factors but is certainly fiir greater for Jong wave-length radia 
tion than for the standard copper K« radiation. The great advantage of usmg this 
radiation is that it Is piossible to work in air without vacuum cameras, and to use com 
merdal x ray tubes with large out-put. The necessary dispersion can be obtained 
most easily merely by increasing the specimen to film distance. It may, in the future, 
be necessary to woric with long wave-length radiation, but for the moment aH the 
preliminary work can most conveniently be done by ch a ngin g the camera rather than 
the radiatkni. In the second place it was found that the reflection from many of the 
Bpeomens was extremely feeble and means had to be used to increase the intensity of 
the scattered radiation and the contrast achieved on the films This was done by 


Page 294 
Page 300 
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the adoption, vrhere it ■\\as gcometncally possible, of slits instead of the usual pin- 
holes, which enabled exposure times to be cut down considerably Finally, particu- 
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Text-Fig 3 Small cell for optical studies of tobacco mosaic xurus proteins 



Texx-Fig 4 Peristaltic pump and glass circulatory sj^tem for i-ray eiammation 
of onented top layer solution 

Iarl> in the case of examination of hqmds and wet gels, monochromatic radiation 
was used. The demce mtroduced b}’’ one of us (Fankuchen, 1937) provided a source 
of monochromatic radiation, httle if anjdhmg weaker than that provided by the 
direct radiation from the tube Two tjqies of cameras were accordmgly used A 
long camera for the mtermolecular reflections was adapted from the normal Pye 
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camera (Bemal, 1928) by the addition of an arm 40 cm. m length, and the corw 
spending elongation of the sht system The shts were made by adjusting lead jaws 
under the microscope to about 0 10 mm in width They were placed 15 cm apart, 
and the scattering from the second slit was checked a sht of 0.20 mm near the 
crystal specimen. In this way it was possible to obtain a beam which, at a distance 
of 40 cm was only 0 7 mm. wide, and therefore subtended an angle of 5' at the crystal 
It was possible to measure diffraction angles of corre^ionding to a spacmg of 
1200 A In some experiments the whole of the apparatus between the specimen and 
the plate was replaced by a vacuum camera, but without appreciable improvement 
Besides this normal type of long distance camera, monochromatic slitless cameras were 
also constructed and used. The short cameras used for the Intramolecular mvestiga 
tons ?rcre of the normal pm hole type, but with specially small pin holes givmg a 
beam of divergence 20', thereby enablmg plate distances up to 15 cm to be used. 
The longest spacing measurable m this way is about 200 A. Great care was taken to 
cut down the lead stop to a sue allowing the maximum of pattern to be seen without 
any overlap of the central beam It was found useful to use extremely thin lead back 
stops, leaving a faint trace of the central beam on the plate which could be used as a 
pomt of reference. With monochromatic radiation the lead stop could be replaced 
by one of a definite thickness of aluminium which allowed onfy a known proportion 
(1 per cent and 0 01 per cent) of the radiation to be transmitted and couM therefore 
be used to estimate the absolute Intensity of refiection 
Of the specunens for x lay examlnatioQ onfy the dry gels could be mounted in air 
For other preparations thin-walled tabes or special cells were used. It was found 
possible to make out of a speoal low absoiptfon borosilicate glass, tubes of waB thick 
ness of the order of 0 02 mm. These tubes were tested for x ray absorption when 
empty and only those which absorbed less than a quarter of the madent characteristic 
copper Km radiation were used There is no advantage in pushing the thinness of 
the capillaries very much further, because the water with vduch the spedmens are 
enclosed produces more absorption than the glass 

Ihe specimen was usually secured against change in the capillary by seaJmg the 
ends in a <nnnTT flame It was of great importance to have absolute sealing to avoid 
any change m the specimen dunng the long exposures which often proved necessary 
These capiDaiics were used mamly for specimens of wet gel preapitated crystals, 
and for bottom layer solutions of various strengths For top layer solution in order 
to produce orientation, it was necessary that the hquki should be flowing A small 
apparatus was therefore prepared, consisting of a stout caplllaiy tube ^^stem, on to 
which was scaled a piece of thm capillary the liquid bemg maintained m motion by 
means of a pcnstaltic rubber tube motor (Text fig 4 ) In this way both top solution 
and precipitated crystals were exammed m the onented state. 

The disadvantage of capillary tube methods is that specimens which arc easily 
deformable cannot conveniently be introduced into them. For i ray examinations 
of such specimens a wmall brass cell was used This was prepared as follows Two 
brass plates of dimensions 7X7x1 mm. were accurately ground together and a 
hole of 2 mm. diameter drilled through them. To the ends of this hole were scaled 
sheets of borosilicate gl"** blown to bubble thinness The brass plates were then 
together with scaling wax Just before using the seal was broken with a sharp 
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pointed knife (Text-fig 5) Into this cell the specimen as introduced and the plates 
were then sealed by dosing the fine crack in the sealing v,axv, ith a heated knife blade 
All these operations i\ere earned out in a low temperature room to avoid evaporation 
Such cells showed no appreciable loss of water over penods of manj’’ dajs It might 
be thought that the scattenng of the glass, which though small in volume is of the 
same order as that of the scattenng matenal to be studied would affect the photo- 
graphs This, however, was not found to be so A certain amount of scattenng did 
occur, but It was in a range equivalent to 4-2 A, and therefore at angles which were 
much too high to interfere with an} of the significant scattenng from the specimens 
The same was largely true of the water scattering It is an interesting but not un- 
expected fact that prolonged exposures show no appreciable scattenng for the water 
or glass at vei}' low angles The slight scattenng that did occur at low angles was 
subsequently shown to be largely due to the air in the apparatus, as most of it could 
be removed by usmg a vacuum camera 



II The Modes of Aggrcgahoii of Vnus Particles 

This section is conveniently divisible into two mam parts, first a descnption 
of the x-ray and physicochemical observations on modes of aggregation of the 
vims, and the second a discussion of these observations m the hght of a general 
theory of equilibrium between colloid particles 

A The Ohservalions 

AU the vimses exammed, except bushy stimt, have one common character- 
istic their capaaty for formmg doubly refractmg aggregates In the case of 
the dilute top layer solutions this is only produced by flow onentation In 
bottom layer solutions and gels, the orientation is spontaneous, any s m a l l 
region of the material behavmg as a uniaxial positive crystal Normally, these 
regions have different orientations, but by flowmg, rolhng, and the action of 
neighbourmg surfaces, for example m narrow tubes or on air-water mterfaces, 
large portions of the material can acquire the same onentation The orienta- 
tion of the wet gel is retamed on diymg The needle-shaped "ciystals” 
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precipitated by acid or aminonmm sulfate, the tactoids of bottom layer sol 
occurring m top layer solutions (see p 128), and the hexagonal oysta 
currmg m infected plants also show positive bvrefmigence. 

The simplest explanation of this property is that it is due to the enstei 
on the phases of markedly anisotropic particles, which have a tendency 
themselves parallel X ray examination confirms and gives precision t< 
hypothesis 

When oriented preparations of dry and wet gels and solutions of stre: 
down to 8 per cent are examined m the low angle x ray camera described a 
a pattern of reflections is observed characteristic only of the concentrati 
the specimen (Plate 3, Figs. IS and 16) This is called, for reasons that w 
discussed below, the mtermolecular pattern All these reflections occnr o 
equatorial line m the photograph, that is thqi correspond to planes pa 
to the axis of orientation The most careful search was made for other i 
molecular reflections, particularly from planes perpendicular to the orient 
ans, but it failed to reveal any such reflections. The most complete i 
molecular pattern is given by dry gels. There are four strong reflections 
three other weaker ones have been observed, particularly well developed u 
cucumber virus (Plate 3, Fig 18) (The potato virus X gives no obsem 
mtermolecular pattern, see below p 159 ) 

These reflections correspond to the first four plana of a two dlmens) 
hexagonal packmg of side 152 A (146 A for the cucumber virus) The aj 
ment of the spacings with those calculated for a hexagonal lattice is pe 
(see Table 1), any variation from it would lead to blumng of the outer 1 
which does not occur The Imes are m fact remarkably sharp, indicating 
the areas of regular packing art large compared to the sue of the parti 
Actually, as wDl be shown later, the effective area may extend to that of 
whole specunen The patterns for the wet gels, for the preopitated "crysh 
and for the solutions, also correspond to a hexagonal packing, with spac 
increasing with the dilution, but here it is rarely possible to distinguish r 
tbnTi three hues m the first two cases and two m the last, the rabos of t 
spadngs still mdicate, however, the hexagonal nature of the packmg 
full data are given in Table I 

The existence of hexagonal packmg and the absence of any fntermolec 
reflechons from planes not parallel to the axis of birefrmgence pomt to 
existence of particles of identical cross-section, not less than 150 A in diam 
which haveatendency to pack in parallel bundles butgive httlc informatio 
to the lengths beyond setting a minimum value of about 1500 A We wDl 1 
attempt to relate the observed properties of the virus at different coucentrat 
to this hypothesia and m particular to discuss the transition between 
ordered and disordered phases It wfll be convenient to discuss first of all 
bottom layer and top layer adations and from there to pass to a discuasioi 
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the gels, bearing m mind, however, that the bottom layer solutions, the wet 
and dry gels, all form part of the same ordered phase 

Bottom Layer Soluttofis 

As has already been mentioned, solutions of the virus of concentrations 
between 1 8 per cent and 34 per cent if purified and of between 8 per cent and 
34 per cent if less pure form spontaneously birefrmgent liquids whose properties 
change contmuously with the concentration The solution at extreme dilution 
appears clear except for a cliaractenstic sheen, and mobile, possessing a low 
but anomalous viscosity While the more concentrated solutions are extremely 
VISCOUS, they can be made to flow through capillaries, but they will not flow 
under their own weight, possessing a certain degree of elasticity which might 
lead to their being considered as gels (see p 131) Such centrifuged prepara- 
tions from the solutions are not distinguishable by x-ray methods from dry 
gels swelled at high pH or m dilute salt solution 

Exammation of the liquid in bulk shows that it is divided mto birefrmgent 
regions, whicli, in the still liquid, have no discernible shape or relation to each 
other The size of tliesc regions depends on the concentration of the virus 
It is largest in the most dilute and smallest m the most concentrated solutions 
Examined in thin layers, the liquid has the appearance shown m Plate 1, Fig 4, 
the areas are seen not to be sharply defined regions, but represent a contmuous 
flux of direction of birefrmgence in layers of 0 5 mm or so, showmg orders up to 
the 3rd, but there are no really black regions, indicating that paralJehsm to the 
glass sides does not extend through the distance between them but instead 
that there are twisted formations showing optical activity as can easily be 
seen by rotating one of the nicols 

In extremely thin layers, regions of approximately constant orientation 
appeared, the direction of maximum birefrmgence varymg over the field m a 
smuous marmer There is a marked tendency for orientation to take place 
parallel to the glass and optically active layers can be artificially produced by 
rotatmg the cover-slide over the glass head as m the case of nematic hquid 
crystals (Friedel and Friedel, 1931) 

In flow the maximum refractive mdex sets itself along the flow lines, but 
when the flow ceases this arrangement js mamtamed indefinitely Plate 1, 
Fig 2 shows the effect of flow very clearly The hquid is flowmg through a 
narrow aperture between the glass tube spacing rod and a layer of wet gel 
On the side from which the flow comes the orientation hes parallel to a set of 
stream Imes convergmg on the orifice, while on the other side flow consists of 
loops alternatively to the right and left of the orifice 

In thin tubes there is in general after a httle time complete orientation with 
the direction of maximum refractive index along the axis of the tube The 
extinction direction is as sharply defined as in a true crystal, showmg a defimte 
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mean orientabon of the particles. Pm hole i ray photographs taken at film 
distance of 12 cm and 15 cm (Plate 4, Fig 24, and p 136) show that most of 
the particles have this mean orientabon, the angular scatter of the particle 
ana IS not more than 1.5” and is probably much less as this measurement makes 
no allowance for the lack of resolvmg power of the parbcle reflecbons 



ItSSOtTOtlOII 
VCrt-UVe IN CC. COMTAINIHO one •RAM VACUUM ORItO VIRUS PROTON 
© OHDlHART tTRAm ® CNATIOK O AUCO»A 

Text Fio 6 Relation between virus concentrahon and Inteiparticle distance. 

Regulcrtiy of Stnuiure 

Photograp hs taken with the special camera at 20 cm. or 40 cm plate distance 
show two laige spacing lines, which are in well oneuted specimens, very sharp 
(Plate 3, Fig 17) as w^ as a diffuse line at 93 A whidh does not vary with the 
concentration and is consequently produced by the particle and not by the 
arrangement of particles (see p 153) As has almdy been mentioned, the 
sharp lines correspond to the two first reScctions (1010) niad (1120) of hexagonal 
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packing of ^a^able inlerparticle distance Measurements of this distance 
brought to light an extreme]} sunple regularitj The distance between the 
particles is m\ ersel}* proportional to the square root of the concentration by 
%o]ume and is expressed by tlic equaUon R = 1650/x/]v uhere R is the inter- 
particle distance m A units and N the number of grams of \ acuum dried virus 
fn 100 cc of specunen The immediate consequence of the existence of this 
relation is that the parlidcs dislnbulc thcmschcs j« a hexagonal array so as to 
Jill tic azailablc space as inujortrly os possible 

This IS shown m Table U and in Text*fig 6 bj plottmg the area of a umt 
cell of the hexagonal arrangement against the \olume of solution associated 
with unit weight of dried \ irus For percentage concentrations rangmg from 
100 per cent for the drj- gel do.™ to 13 per cent the pomts he, vithm the 
experimental error, on a straight line through the ongm 

A further imphcation of the relation between spacmg and concentration is 
that on dilution, the particles separate measurabl} only in the direction at 
nght angles to their length If the}' also separated to any considerable extent 
m the direction of their length the lateral separation w ould not mcrease at the 
rate obserx ed This suggests that the particles may form long chains in the 
solution and e\ en that there ma} be some form of attachment between their 
ends Such attachments ha\e been observed b} Kausche c/ fl/ (1939) The 
observation of a regular lattice arrangement of colloidal particles m solution 
and at distances up to 500 A — more than three times the diameter of the 
particles — may prove to be of cardinal importance for the theor}" of such 
solutions The discussion of its physical basis v, dl be left till later 

Reversed Spirals 

Before ]ea^^ng the description of the bottom ]a}er solutions, it is worth 
mentionmg another Squeal structure which they exhibit, that of reversed 
spirals "nhen the hquid is made to flow rapidly through a fine tube, or 
altematrv''ely the tube is set xdbratmg by bendmg one end and releasmg it. 
It appears between crossed nicols to show striations which divide it, when the 
nicols are parallel to the tube, mto hght and dark regions (Plate 2, Figs 7 and 
8) This IS a phenomena first obsen'ed by Van Iterson (1934) m cad m i um 
glycerophosphate On turnmg both mcols it can be seen that the hght regions 
are nev'er extmguished, but that they can be made to do so if one nicol is 
turned, showing that the hght regions are alternatively dextro- and laevo- 
rotaiy, while the dark regions separating them behave like optically inactive 
crystals oriented parallel to the tube The explanation of these optical effects 
is clearly that here the long axes of the particles set themselves spmally m the 
tube, these spirals being alternately right and left handed, separated only by 
regions where the particles he parallel to the tube axis (Text-fig 7) The 
reverse spiral arrangement for hquid flow is a further confirmation of the 
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existence of very long particles Einch and Sunha (1937) have shown, 
experimentally as well as theoretically, that if parallel onented particles 
experience resistance on flowing through a tube a periodical change of onenta 
tion IS the most stable arrangement 

Similar phenomena are shown in the drymg gel, m capillary tuhea or on 
plates, (Plate 2, Fig 10), but in this case a xigrag mstead of a spual arrangement 
IS produced These phenomena are of interest because of their close resem 
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Text Fro 7 Directions of molecular axes In reversed spiral arrangement on snr 
face of circular cylinder 

blance to many natural structures, for examples, to the striations of muscle 
(Bernal 1937), and tbis suggests very strongly that all are due to the same 
cause — the presence of long particles with a tendency to parallel orientation 

Tof Layer Sotuitonr 

The top layer solutions are slightly opalescent, markedly more so than the 
bottom layer though they contam less solid material. This indicates at once 
their greater optical inhomogeneity due to their lack of regular arrangement. 
Lauffer (1938a) has studied polarisation of the Tyndall effect on these solutions 
and confirms the presence of long particles, ffbe birefringence of the particles 
is, m his opinion, rod birefringence and not intrinsic The proofs adduced are, 
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however, not altogether convincing as tlie influence of the medium on the 
particles cannot be excluded Mere loss of birefringence might have been 
produced by disaggregation and no increase of birefringence after passing a 
mmimum was demonstrated Nevertheless some rod birefringence must be 
present to account for the observed diminution of birefringence between wet 
and dry gels (see p 129) The chief properties top layer solutions exhibit 
are flow anisotropy and anomalous viscosity Botli of tliesc and the relation 
between them have been studied by Robinson (1938, 1939 o and b) and his 
conclusions will only be mentioned here m so far as they tlirow light on the 
shape of the particles 


Flow Amstropy and V^scosUy 

In any flow having a velocity gradient, the particles are oriented in relation 
to the stream lines, but do not, except for high speeds or very long particles, 
he m them For the most part they turn end for end m an irregular manner 
about axes m the planes of flow perpendicular to the stream lines, spending 
most of the time m a position near to but not precisely at that of the stream 
Imes, as brownian motion tends to produce an equilibrium position making a 
definite angle with them This is the complement of the so-called angle of 
isoclme, observed m flow birefrmgent solutions This process gives rise to an 
anomalous viscosity, that is, to a frictional loss of energy increasing less rapidly 
than the rate of shear Robinson has shown tliat these phenomena are affected 
by temperature m the way this theory would indicate Rise of temperature 
brought about diminished flow birefrmgence, increased deviation of isoclme, 
and mcreased anomalous viscosity From his measurements it was possible 
to obtam an estimate of the ratio of length to thickness of the tobacco mosaic 
virus particles in the preparation he used as 88 to 1, a measurement which will 
be discussed later 

The solutions studied by Robinson were extremely dilute — 0 02 per cent — 
and the particles moved completely mdependently In more concentrated 
solutions approachmg the limitmg concentration of the phase 1 8 per cent to 
4 per cent, there is evidence of interaction between the particles m solution, 
elastic viscosity begms to appear, and the flow birefrmgence does not disappear 
immediately on stoppmg the flow but persists for a longer or shorter time 
accordmg to the degree of purification of the virus 

Efects of Electnc Currents 

That there is an appreciable time of relaxation m strong top layer solutions 
IS also shown by their behaviour m electric fields A small cell with platmum 
electrodes about 1 mm apart was used to study this effect and was observed 
between crossed mcols The effect of passmg a direct current across the cell 
was an immediate lummosity around the anode This lummosity Was quite 
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clearly due to the cataphoretic conccntratioii of the virua, the particles of which 
carry a negative charge, and the consequent formation of spontaneously 
birefrmgcnt bottom layer With low voltage — leas than 1 volt — the effect 
was reversible, Reversmg the current caused the disappearance of lummosily 
at one electrode, and its appearance at the other, the two being bridged by fine 
streamers. With higher voltages, irreversible changes took place involving the 
permanent formation of blrcfrmgent geL 
With alternating current, as long as the voltage was low — less than 5 volta — 
no such appearance of the bottom layer was observable Instead, the switch- 
mg on of the current immediately gave nse to a famt lummosity between the 
electrodes, this lummosity being dearly due to the orientation of the top 
layer itself (Plate 1, Fig 6) The luminosity appeared the moment the current 
was turned on, but did not at once disappear when the current was broken, 
remaining for a penod, estimated to be between 1/lOth and 1/Sth of a second 
These ciperimenU mdicate that the anisotropic virus partidcs ore easlty 
oriented, but that this orientation is brought about, as m many other liquid 
crystals forma, more by the cataphorebe currents produced by the electric 
field than by the direct onentation effect of the fidd m part of it, as la also 
the case with many bquid crystals (Freedcncksz and Zolina, 1933) This is 
confirmed by our faflure to observe any onentabon m a magnebc field of 5000 
gauss, Lauffer (1939) has made extended observabons on electnc onentabon 
of tobacco mosaic virus. He ascribes it to dipole effects but his observabons 
are not mconsiateut with the eiplanabon given above, 

X Ray Examiruiiwn 

The X ray eianunabon of the top layer solubon earned out m the contmuous 
flow apparatus, already described, confirmed the picture of the almost complete 
onentabon No intermolccular pattern was found, but tins was not surprising 
as the calculated mean Interparticle distance should have been of the order of 
1500 A, nor would regular interparticle distances be expected in any case. On 
the other hand, the most mtense refleebon of the mtramolecular pattern 
(0006) (see p 148) appeared in the form of arcs which were sharp and of small 
angular width, indicating at the same tune the parallel onentabon of the 
particles and their idenbty with those of the ordered phase, 

Eqttxlibna hdween Top and Bottom Layer Solutions The Tadotds 
In the mlbal separabon of top and bottom layers from a virus solution and 
m aiy subsequent shaking together of the layers, characteristic spmdle- 
shaped bodies are observed (Plate 1, Figs 3 and 4) Similar bodies have been 
observed m other colloidal solubons and named tactoids by Zocher (192$, 
1929) (sec also p 131) The tactoids are of two kmds, which we have called 
positive and negative. Positive tactoids contain bottom layer in top layer 
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solution, negative top m bottom In Plate 1, Figs 3 and 4, both are shown 
Both kmds of tactoids have when undistorted a roughly toroidal surface, 
in outline they appear as two intersecting circles with slightly cusped ends 
Rough measurements show that tlie minimum radius of curvature of all 
tactoids m a given preparation diminishes more slowly than tlieir absolute 
size so that large tactoids approach a spherical shape and small ones arc 
needle-shaped The radius varies, however, enormously with the age and 
lomc constitution of the specimen For fresh bottom layer of 4 5 per cent, 
salt free and pH 7, it gives the smallest values which arc of the order of 0 06 



Text-Fig 8 (a) Onentation of particles in positive tactoids of diflercnt sizes 
(diagrammatic) (b) Onentation of particles around negative tactoids of different 
sizes (diagrammatic) 


mm The internal structure of the positive tactoids is revealed by their 
appearance between crossed nicols, the slow extinction position, and con- 
sequently the axes of the particles following the meridian Imes of the spindles 
(Text-fig 8a) In the negative tactoids the outline depends on the arrange- 
ment m the surroundmg bottom layer solution (Text-fig 8l>) The tactoids, 
particularly the larger ones, are easily distorted, but recover their shape, 
they can also fuse to give larger tactoids This suggests that they represent an 
equihbrium form between the conditions of surface energy tending to produce a 
sphencal shape and those of orientation potentials tendmg to keep all the 
particles approxunately parallel A roughly quantitative theory of tactoid 
shape can be built up on this basis, but it is best considered after the discussion 
of mterparticle equihbna (see p 140) 
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TheGds 

The forms taken by the more concentrated virus preparations prepared by 
drying and prcapitation were ongmally thought to consist of two different 
phases, dry and wet gel, showing constant characteristics This opimon was 
held both for experimental and theoretical reasons (Bawden cl al , 1936) 
On drying sharp boundaries seemed to separate the drier outer portion from the 
inner portion and this m turn from the solution. Further, the wet material 
and the “crystals^’ prepared by preapitabon were alike In their physical 
properties, havmg a dry virus content of between 45 per cent and 55 per cent, 
and givmg the same mtermolecular x ray pattern, shomng an mterpartide 
distance of 200-210 A There seemed therefore to be a definite phase which it 
was possible to account for only on the assumption of the swelling of the parti 
des, as at that time no other forces of known character could be postulated 
holding dry parbdes in equilibrium at such a distance. Subsequent work, 
however, showed this view to be mcorrect, and it has been replaced by a much 
simpler one, namdy that ail concentrationa of the virus from 100 per cent-2 
per cent form one ordered phase, consisting of a regular hexagonal packed 
assembly of parallel partides their distance apart varying from 150-1000 A. 
The partides retain substantially the same internal structure m all states. 
The nature of the forces between them will be discussed later, but it is first 
necessary to summarise the erpemnental evidence 

Dry Gel 

The study of dry gd has been more thorough than that of any of the other 
phases on account of its ease of manipulation The mtermolecular pattern is 
particularly sharp and shows the greatest number of lines, mdicating extreme 
regulanty of hexagonal packing of the partides with an mterpartide distance 
of 152 A. This IS a surpnsmgly constant number for air-dned gels of all 
tobacco mosaic strains, formed m many different ways Drymg over P*Oi 
m a vacuum reduces this distance to 150 A. There appears to be a sharp 
distmction m physical properties between dry and wet geL The material is 
hard and hon^, its birrfnngence is only half as great, 0 003 This is due to an 
mcrease m the transverse refractive mdci from 1 484 to 1.532 from wet to 
dry gel due to dose apposition of the rod-shaped partides while the longitudinal 
index rises only from 1 490 to 1.536 

Single Crystal Character 

Apart from its mtramolecular structure, its chief mterest is m its relation 
to wet gd For tha the cardinal obscrvatioa (sec p 147) was that pieces of 
dry gel behaved as single crystals m two dimensions. An mtermolecular 
photograph with the i rays paralld to the axis of orientation showed a datmet 
hexagonal pattern (Plate 4, Fig 22) It is significant that the correspondmg 
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mtramolecular pattern (Plate 4, Fig 23) showed only continuous rings, in- 
dicating that at least in the dry gel the orientation did not extend to the mner 
structure of the particles 

Now, m the mode of preparation of the gel by drying, two factors may 
affect the transverse orientation of the particles, that of the au--water and 
glass-water mterfaces which are at right angles (Text-fig 2) Of these, the 



Text-Fig 9 Section across particles in successive layers of drying film to illus- 
trate onentation of "single” crystal of dry gel 

effect of the first is likely to be predominatmg Now it is at first sight strange 
that the most densely packed plane of the hexagonal packmg (1100) is found 
parallel not to the air- water but to the glass-water mterface, while the former 
IS occupied by the less densely packed plane (1120) The rigid dry gel, how- 
ever, caimot have oriented itself m the dry state, its orientation must have 
been acquired m the wet state and simply fixed by drymg Now the shrinkage 
of about 50 per cent of the wet gel on drymg takes place only m the direction 
perpendicular to the air-water mterface It is natural, therefore, to assume 
that this brought about the mterchange of the hexagonal packing directions 
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(Text fig 9), and that in wet gel the (ifOO) plane is parallel to the air water 
interface. 'Ihua in the wet gel the particles would be closely packed in this 
surface, a very reasonable arrangement. The rearrangement could not be 
perfect owing to the lack of fit of the Interparticle dimensions and this may 
give nse to the cracks that are observed in the dry gel 

Non Eqtnltbrtum Gels 

Dry gels formed from solutions of the virus prepared at pH 7 will if placed 
in salt free water at the same pH swell indefinitely and dissolve to reform re 
versibly the onented phase from which thty were prepared X ray studies 
show that here the distance between the particles is always derivable from the 
concentration (see p 124, and Text fig 6), and this holds as well for the gels 
as for the more dilute solutions Additions of small amounts of water to dry 
gels result m interparticle drsfances mtermediate between the values of 150 A 
and 210 A previously supposed to be characteristic for wet and dry gel and thus 
makes it very unlikdy that they are distmct phases (but see p 140) Similarly, 
values between 210 A and 290 A, the value for the most concentrated solution, 
have also been found This establishes the complete continmty of the non- 
equHibnum gels and of the bottom layer solutions previously described 
as one contmuous onented phase of the virus. The state of the particles 
in this phase is called one of non-eqoilibrmm as they tend to move farther 
apart if given more room as do molecules m solution or particles in a gas, 
but they differ from them in that thty are arranged m a regular lattice 
structure. They behave m fact as crystals with a long range elastiaty 

Eqtnlibnum Gels 

Virus solutions near the isoclectnc point at pH 3 4m salt solution arc 
precipitated in the form of fibres or aacular “crystals” containing a variable 
amount of water The same phenomenon occurs with a variety of other agents, 
alcohol, acetone, or merdy by ageing X ray exanunation shows that these 
preapitates arc identical with those formed by allowing the dry gel to swell 
m the same hquids This mdicates that m these cases an equilibnum is 
attamed determining the water content of the gels which may consequently 
be called equilibnum gels The study of these gels by i rays shows that here 
the distance between the particles is mdependent of the amount of medium 
present and depends only on its character This dependence has been studied 
in a preliminary manner in two senes, that of pH and of ammomum sulfate 
solution The results arc shown in Table m and Text fig 10 

Pieces of dry gel were swelled in a number of solutions of dtrate-phosphate 
buffer of pH varying from 2.5-7 There was a definite TmniTnum at pH 3 4 
with an interparticle distance of 185 A, while at the higher pH the dis- 
tance mcreased to 300 A, greater than that of some of the bottom laj^ 
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solutions previously examined The salt solutions gave similar results 
except that here there seemed a dehnite saturation effect, solutions stronger 
than 6 N giving almost the same minimum distance, 173 A The minimum 
would seem therefore to have some special importance being the least distance 
of approach of the particles m an aqueous medium The existence of mter- 
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OpH OF BUFFER SOLUTION 

Text-Fig 10 Relation of inteipartide spacing and concentration of salt solution 
and pH 

particle distances of between 210 A and 230 A for many concentrations of salt 
and acid explams how it was possible for so long to consider the gel of this 
composition, ca 50 per cent dry weight, as a defimte phase — wet gel The 
state of the virus here is probably ph)^ically analogous to that of protem 
crystals which usually contam about the same proportion of water, it will be 
discussed m a subsequent section 

It may be pomted out here that the x-ray method gives an exact way of 
estimatmg the mtrinsic water content of a gel, namely that associated with the 
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gel particles. The apparent water content may be much greater Thus 
Bawden and Pine (1937a) observed that the first effect of decreasing the pH 
of a virus solution was the formation of a gel which might contain 95 per cent 
or more water On shaking these gels separated out as ‘‘crystals” which 
contained 50 per cent water Our observations, particularly those m which 
acid solutions were allowed to diffuse into already onented virus solutions, 



Text Fio 11 Rheopectic effects In ead-predpitated virus solution (diagram 
matic) (a) Onented 4 per cent vims solution in capiDaiy tube free flowing (6) 
Effect of alow precipitation with aad. Formation of independent tactolds free 
flowing (c) Effect of agitation fusion of tactolds gel formation. 


showed that m all cases subrmcroscopic fibres of this composition were produced 
and these being already parallel did not form a gel and flowed readily (Text 
fig 11) though more dilute disonented solutions did so and showed marked 
rigidity It seems dear therefore that m gds of these substances and by 
inference In those of many others contaming long partides of colloidal dnnen 
aious we should diatmguish two mechanisms of water retention. Such gels 
contam both mtnnsic water lying between the most dosely apposed partides 
and depending only on the nature of the solvent, and trapped water depending 
on the concentration of gd substance and the conditions of gel formations 
and ageing 

The observations on the conditions of equflibnum of virus gels ore stfll In 
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their earhest stage The effect of other conditions, temperature, non-electro- 
lytes, etc , have still to be studied Their interest is primarily that of colloid 
physics, as far as the nature of the virus is concerned they have sufficed to 
show that all its properties in an aqueous medium are explicable in terms of 
long particles reactmg with each other through the medium in such a way as 
to keep them parallel and equidistant at all concentrations above a critical 
one dependmg on the nature of the medium 

The Crystals vi Infected Plants 

All the forms of virus preparations hitherto described seem composed of 
distmct particles of a length far greater than then diameter This length, 
however, seems to be a variable quantity and is very probably an artefact 
(see p 135) On the state of the virus in the plant we have only two observa- 
tions to go on, the weakness of flow double refraction (see p 135) and the 
existence of crystals m some mfected plants These crystals, which have been 
studied by Bawden and SheflBeld (1939) and Beale (1937) probably do not 
represent the virus m a pure form Their solubility is too small, but they may 
well be compounds of the virus with cell protems (Bawden and Pme, 1937fl) * 
That they are related to the virus is shown by their association with mfection, 
by their hexagonal habit and positive birefrmgence, which correspond to the 
particle arrangement and optical character of the gels, and by their breakmg 
up mto bundles of needle-shaped acid precipitate "crystals" on acichfymg 
the sap More recently, Kausche (1939) has demonstrated the reverse process 
by produemg mmute hexagonal crystals from a mixture of infected sap and 
precipitate “crystal ” If we grant this relationship, the hexagonal crystals 
throw much hght on the state of the vims m the plant Unfortunately, they 
have proved too small and unstable to be submitted to x-ray exammation, 
but from optical observation certam conclusions can be drawn The crystals 
are boimded by hexagonal pnsms and basal pmacoids The existence of the 
last shows that here we must have a full three dimensional regularity and there- 
fore particles of identical length 

In a few of the many specimens exammed it was thought that acute angle 
pyramids could be observed, but the angle could not be measured so that the 
PTial ratio of the crystals remams undetermmed The habit of the crystals 
with a width-thickness ratio of approximately four to one mdicates accordmg 
to Fedorof’s rule that the length-thickness ratio of the molecules which make 
it up must be of somewhat the same order, givmg a particle length of the order 
of 1000 A 

The ready transition to the needle form shows that the particles are aheady 
ahgned m the crystal and the fact that httle swelhng is observed shows that 
their distance apart is not markedly different from that of the isoelectric gel. 


^ Page 304 
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namely 185 A The observations are necessarily \er> qualitative, but they 
pomt m the same direction as those armed at in other ^ys If sufficiently 
powerful X ray apparatus were available the crystals would imdoubtedly fumiah 
far more precise information on the nature of the virus than is famished by the 
less regular gels and liquid crystals It is convement at this pomt to present 
evidence as to the length of the particles, smce it plays a r61e of cardinal impor 
tance m the discussion of mterparticle equflibnom 

The Length oj the Paritdes 

X ray evidence os to the length of the particles is ah negative, that is to say 
no reflections attributable to r^ularities greater than the mtramolecular 
regularities have been observed The sharpness of these, however, mdicates 
that the particle length must be considerably larger than its width, certainly 
over 1000 A. Various physical methods (ultracentnfuge, viscosity, birefnn 
gence of flow, diffusion) (Eriksson-Quensel and Svedberg, 1936, Bechhold and 
Schlesmgcr, 1933, Wyckoff, 1937a, 6, Wyckoff ti a/, 1937, Stanley, 1938, 
Lauffer, 19386, c, Takahashi and Rawlms, 1932, 1933 a, 6, 1937, Lauffer and 
Stanley, 1938, 1939, Bawdcn and Pine, 1937 o, 6, Bawden ei oi, 1936, Hfllfl 
and Vinson, 1938, Staudmger, 1932, Ncurath, 1938, Neurath and Saum, 1938, 
Mehl, 1938) provide other bases for estunating the length Ah agree m mdi* 
catmg a considerable length for the particles, but although none of the methods 
was particularly exact, it was dear that the discrcpondes between them ex 
ceeded the probable experimental error The condusion which follows from 
the remarks made above is that the partides might be of mdefinite length 
dcpendmg on the mode of preparation, that they are probably shortest in the 
living plant, and are mcreased m length by the methods of purification cm 
ployed Fortunately, it is now not necessary to consider this evidence m 
detail as the study of the virus by means of the dectron microscope by Kauschc, 
Pfankuch, and Ruska (1939), and Marton (1941) enables the length to be 
measured directly The partides as seen m the electron microscope are rods 
of different lengths, but they are all multiples of a length approximately 1500 A, 
ahowmg that the particles ore homogeneous in respect of length, as indicated 
by the existence of true crystals m the plant The preparations studied by 
various workers were all probably aggregated to different degrees However, 
recent work of Lonng, Lauffer, and Stanley (1938) suggests that preparations 
may be obtained with little if any aggregation. For instance that studied by 
Robmaon must have consisted of partides containing from 8-10 Kausche units. 
The length of 1500 A for the partides is sufficient to contam 22 repeat umts 
as detenmned from the Intramolecular observatioua (see p 153), but 24 is 
not cidaded It is very likely that the virus as observed by Kausche 
ei aJ (1939) was already somewhat aggregated and that groups of 12 or less 
repeat units may occur m the plant, though there is no positive evidence of this. 
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B IiiterpreMion 

The Nature of the Inierparhclc Equilibria 

From the pomt of view of colloid science the most interesting observation 
to which the x-ray study of virus preparations has led is the regularity of 
packmg of the long virus particles, not only m the concentrated gels but also 
m solution That such good order should be attamable m the dry state was 
unforeseen although not unprecedented, but m the case of the solutions where 
the particles are separated by water molecules, a distance much greater than 
their diameter, 150 A, crystalline regularity was certamly not to be expected 
on prevaihng views At most it would have been assumed that a roughly even 
distribution of the particles would be mamtained but that an)d:hmg more 
regular would have been prevented by thermal motion Observation shows, 
however, that the solutions down to a concentration of 20 per cent show as 
perfect reflections as a crystal 'More dilute solutions, down to 13 per cent, 
have not been so carefully exarmned and mdeed show slightly less sharp 
maxima, but this is probably due to inhomogeneity rather than irregularity, 
for similar broadenmgs were previously obsen^ed on stronger solutions but 
disappeared when well orientated and homogenized specimens were used As 
the contmuity of physical properties is apparently unbroken down to the 
critical concentration of 1 8 per cent, it is probable that these are also regular, 
though, owmg to difficulties of observation of such small angles and the weak- 
ness of the reflections, this has not yet been proved 

Not only are the particles equidistant, they are arranged m almost exact 
parallelism The mtramolecular photographs of 36 per cent (Plate 4, Figs 24 
and 25) solution show that the mean deviation from parallehsm does not 
exceed 45', and that it is probably far less The same is shown m more dilute 
solutions by their sharp extmction when observed m polarised light On the 
surface of the tactoids the particles are constramed by strong surface forces, 
but even here the angle of deviation, as measured by the mmimum radius of 
curvature m the longitudinal direction, is still small The observed radius 
of curvature of 0 06 mm gives for a particle of length 1500 A a maximum 
particle to particle deviation m this direction of only 8' 

Such eqmdistance and parallehsm can only be mamtamed by definite forces 
actmg between the particles For concentrations greater than the critical 
concentration of 1 8 per cent m the absence of aad or salts, these forces must 
have a net repulsive character, as is known by the formation of non-equdibrium 
gels, but at this concentration attractive forces must balance them or no divi- 
sion mto layers would be possible The seat of the forces cannot be m the 
particles alone London- Van der Waals forces are meffective at such distances 
and m any case give attractive forces The most probable explanation hes 
m the Debye lomc atmospheres around the particles which at pH > 3 4 carry 
a net negative charge 
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The Theory of ParitcU InieracHon 

The theory of the interaction of particles in an ionic medium has recently 
been studied by several authors, notably by T^ngmuir and Levine Lang- 
muir’s theory (Langmuir, 1938) has so far been worked out only m the case 
of infinite plane particles which would correspond m practice to those of 
hydroxide sols or clay suspensions Levine's treatment, which deals with 
sphencal (Levine, 1939o and b) and later with cyhndrical (Levme, 1939c) 




DISTANCE 7'“ Ka. 

Text Fig 12 Text-Fio 13 

Text Fio 12 Mutual energy of two sphencal particles m an wnic medium as a 
function of distance (from Levme, Tree, Roy Soc, London, Senes A, 1939, 170, 152) 

Text Fig 13 Interparticle equilibnnm distance as a function of ion concentra 
tion (from Levme, S , Proc Roy Soc London, Senes A 1939, 170, 152) 

particles, is more directly apphcable for our case. Physically the problem is 
very mmilnr to that of the mteraction of metal atoms with their positive nuclei 
and cloud of negative electrons, but on a scale comparable to that of the par 
tides themselves. The simplest case treated by Levme is that of spherical 
partides. He is able to show that for two charged spherical particles there 
is always a potential energy distance curve of the type shown m Text fig 12, 
namely one which exhibits attraction at lar^ distances and repulsion at smaller 
ones, and provides an equilibnum position with a minimum of potential energy 
The position and depth of the equilibrhim depends only on the product 
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where a is tlie radius of the particle, and 7 the concentration of univalent 
electrolyte Increased concentration or charges on 10 ns tend to make the 
minimum deeper and reduce its distance as shown in Text-fig 13 At some 
critical concentration the minimum will move to where the particles are m 
contact, but at this pomt Van der Waals forces will play a prcdominatmg r61e 
Now m most cases with spherical particles the depth of this energy mmimum 
IS smaller than the thermal energy W for the particles, consequently they will 
behave lake gas molecules mteractmg for short periods, and only m the presence 
of strong salt solutions are they likely to come together and coalesce in crystals 
or amorphous precipitates 

The situation for long particles, however, is very different Levine has so 
far treated only the case of two long cylindrical particles arranged parallel to 
each other It is easy to see that the type of mutual energy curve remams 
unchanged But the depth of the energy minimum is for particles of Jength 
more than about ten tunes their thickness, far greater than kT at ordmary 
temperatures The result is that here stable equilibrium will occur with a 
mutual distance dependmg on the ionic concentration hlethodical treatment 
so far has only been carried out for parallel particles, but it is easy to see that 
any displacements from parallelism would, m the case of long particles meet 
with considerable restormg forces The energy mmimum will occur always 
m the parallel position and the relative depth of the mmimum wiU be greater 
the longer the particles As long as kT for libration is less than a mmimum 
value determmed by the length distance ratio, stable equihbnum will result 
When It is of the same order, as will occur at high dilutions or with short par- 
ticles, the hbration disturbance will cause the particles to break apart at a 
distance less than that where they would still be stable for simple lateral dis- 
placement What apphes to two particles holds afortion for a large number 
of particles If the energy minima are deep enough, they must arrange them- 
selves m a regular hexagonal lattice, just as they are observed to do m the 
VITUS The mathematical treatment of the eqmhbnum m this case has yet to 
be carried out, but it is easy to see that the result will only lead to a shght 
modification of the equihbnum position m the case of two long particles, the 
eflfects of the other particles resultmg m a somewhat greater equihbnum dis- 
tance and lower mutual energy Levme’s theory can therefore be tested 
directly by the measurements made on the relation of mterpartide distance 
to lomc concentrations for virus particles, and Text-fig 14 shows how good 
the agreement is m the shape of curves Absolute comparisons are impossible 
at this stage of the theory as computations have not been made for suffiaently 
high concentrations nor has the character of' the tobacco mosaic virus been 
taken mto consideration 

We may, however, say that we have now an adequate semiquantitive 
explanation of the imexpected phenomena of the regularity observed m the 



J D BKSINAL AND L FANKUCHEN 


139 


vims, and it la also clear that this has a lar wider appUcation, namely to all 
fibrous colloid molecules (see p 145) The arrangement of long particles 
in equflibnum m a medium furnishes us with a new type of arrangement of 
matter, namely that of an elastic two dimensin nul crystalline solution If a 
small amount of solvent is present the particles are near together, when the 
solvent 15 added they move apart to fill the space, but not through irregular 
movements as m a gas, but by regular expansion of the partidc lattice. It is 



Text Fro 14 E^jenmenUl relabon between mterpartide equUlbrium distance 
and Levine^s function 


probable that most phenomena of swelling have the same character Where 
platy particles are mvolved the cquilibnum can be maintained at far greater 
distances than with cylindrical ones, owing to the fact that ion concentration 
falls off m a linear manner instead of roughly as mverse square of the distance. 
In fact m thig case the distances reach 5000 A or more and the phenomenon 
becomes visible as in indescent soL 

Eydraium of the Parlides 

It can be seen from Text fig 10 that m strong salt solutions the distance 
between the particles to a steady value of 173 A, but that this value 

IS distinctly greater than that between the partides in the dry state This is 
not as yet fully accounted for by Levme's theory It would appear that the 
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model taken for the theory is too simple m that it does not allow for the finite 
molecular structure of the water medium The differences between the two 
values mdicates that there is a layer of some 20 A in thickness between the 
particles in the most concentrated solutions This would correspond to one 
of 10 A surroundmg the particle or roughly layers of four water molecules 
We may consider this water to be bound not by the total charge of the particle 
but by the positive and negative charges due to amino and carboxy groups 
which cover it even at the isoelectric point If this is so, it should be possible 
to demonstrate the attachment of the water by physical methods, but so far 
the amounts of material available have not been sufiacient to do this It is 
the presence of this closely bound water that gave rise, at an earher stage of 
the mvestigation, to the belief in two separate phases, wet gel and dry gel, 
and mdeed the layer may represent one of particular stability as it has up till 
now proved impossible to prepare specimens with an mtermolecular distance 
of between 159 A and 169 A 

Equilthrium between Top and Bottom Layers 

The relation between mterparticle distance and ionic concentrations can be 
followed by direct measurement only down to concentrations of 13 per cent, 
that IS to an mterparticle distance of 450 A At greater dilutions it is clear 
that equdibnum stdl exists, the presence of the order disorder phases is enough 
to show that Further, the dilution shows that the equihbrium occurs at 
much greater distances The attempt, however, to follow the equihbrium by 
observmg the concentrations of top and bottom layers m equihbnum m dilute 
salt solution led to paradoxical results Only very small amounts of matenal 
were available at this stage and therefore the measurements are too rough to 
be worth quotmg but theu trend is unmistakable On addmg dilute salt 
solution to an equihbrium mixture of top and bottom solutions, the level of 
separation moves upward, that is the addition of salt solution mcreases the 
critical dilution and hence the distance between the particles at equilibrium 
When the concentration of the salt solution exceeds a defimte value roughly 
T = 16, separation of top and bottom solution can no longer be observed 
Instead first elongated tactoids and then fibres are formed (Plate 2, Figs 1 1-14) 

An explanation of this paradoxical behaviour is to be sought m studymg 
more closely the actual conditions of equihbrium of the particles m more dilute 
solutions It IS here that the tactoid formation, already described above 
(p 128), occurs, and consideration of this shows that the phenomenon m 
question is one which mvolves the length of the particles 

TJieory of Tactoid Form 

The tactoid form is characteristic of a hquid crystal of the type formed by 
the virus particles, that is, of one of long thm particles arranged parallel and 
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equidistant to each other This t>’pe has not hitherto been described but it 
corresponds to the class RRD m Hermann’s (1931) dassification of possible 
hquid crystal systems Tactoids bear a superficial resemblance to the baton 
net of smectic liquid crystals (Fnedel and Fnedel, 1931), but these have radi- 
cally different structures being composed of coaxml cylmders of molecular 
sheets m which the molecules are perpendicular and not parallel to the axis 
of elongation 

On the surface of a tactoid the particles of the ordered phase are arranged 
parallel to each other and parallel to the meridian lines of the tactoids This 
follows from direct observation of their birefringence Now when long par 
tides arc mvoh ed, the surface of separation can no longer possess the isotropic 
character of an ordinary hquid mterface The bending of such a surface must 
require different amounts of work according to whether the bending takes 
place along the axis paralld to or perpendicular to the orientation of the par 
tides in the surface. Such a surface vnU in foci behave as if ii possessed an 
anisotropic inierfactal tension We may consider such a surface as one pos- 
sessing two pnnapal surface tensions, cx and trj, the first bemg m general 
greater than the second, their ratio dependmg not necessarily m any simple 
way on the relative length to breadth of the partides. The simplest expression 
for an equfiibnum surface would m this case be 

— 4 — " const. 

fi ri 

where ri and rj are the two prmapal radii of curvature of the surface. Cor- 
responding to a simpler expression for an ordmary mter&ce 

/l 1\ 

^1 — I — I * constant 

Vn r.y 

This condition is not, however, suffiaent to define the surface of the tactoid 
It is dearly also necessary that the surface energy for a given volume must be 
a mmiTnnm and the mathematical formulation for this has not yet been found 
It is, however, easy to deter min e the general character of the surface and to 
describe it approinnatdy graphically (Text fig 15) It is a surface of revolu- 
tion generated by the curve shown m Text fig 15 Its curvature is deter 
min ed by Ti while fi is given by the part of the normal mtercepted by the rtw 
of revolution. The muumran positive value of ri occurs at the equatorial 
plane As rj diminishes ri mcrcases and passing through an infinite value at 
a pomt of inflection, becomes negative, and reaches a minimum negative value 
where the curve is agam paralld to the axis, after which the curve repeats 
indcfimtdy The general shape of the surface is therefore that of a senes of 
barrel-shaped portions separated by hour glass-shaped constnetioDS, These 
constnctions however, in cases where > ct almost reduce to cusps and the 
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anomalous arrangement at these points leads probably to their being occupied 
by particles of impurities ® "Where cxi is nearly equal to ai the shape approaches 
the spherical, where oi is much greater it is long and tapering, approaching a 
fibre-like structure which is observed m old gels and in the fibres studied by 
Best (1937 a and h) The shape is dependent not only on the ratio of cri to 
for, unlike the case of a normal liquid, the shape of a tactoid drop also depends 
on its size The relation must be compheated but broadly it may be stated 
that the larger the tactoid the more it resembles a sphere, the smaller the 
more it resembles a cyhndrical or needle-shaped body How weU this geo- 
metrical theory fits the observations is shown m Plate 1, Fig 3, where a number 
of tactoids in equilibrium can be seen and compared to the theoretical curves 
The extreme case is that of the acicular micro-tactoids formed by acid or salt 
preapitations first described as crystals by Stanley (1935), (1937) 



Text-Fig 15 Theoretical axial cross-section for tactoid surface (The subscripts 
of fi and ra should be interchanged ) 

The gradations between normal tactoids and fibres can weU be seen m the 
senes of preparations with different ionic concentrations as shown m Plate 2, 
Figs 11-14 Those contammg more salt show more elongated tactoids and a 
greater tendency to fibre formation The radius of curvature changes from 
0 07 mm m salt-free solutions to 0 12 mm m 0 1 n solutions It is clear that 
the condition of stabihty of a tactoid depends on two factors, the length of the 
particles, and the degree to which mutual influence between the particles 
mamtams paraUehsm between them Although it has not yet been calculated 
the orientmg force can be seen to depend accordmg to Levme’s theory on the 
ratio of length to distance apart of the particles If two particles of fimte 
length be imagmed to move away from each other, it is clear that the steepness 
of the potential trough for angular displacements wfll dimmish, and diminish 
faster the shorter the particles For concentrated solutions where the ratio 
of length of particles to mean distance apart is very great, orientation wiU 

® That this IS probable is shown by the extrusion of an intermediate layer of impuri- 
ties on the setthng of bottom layer solution, that is, on increasing the size and dimm- 
ishmg the number of independent tactoids 
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be perfect, but as the salt concentration falls off the point wfll be reached when 
the system will become unstable, not owmg to the transverse motion of the 
particles, but due to their angular osdllatbn For particles of finite length, 
therefore, equilibnum will be reached at greater dilution the longer the par- 
tides and the higher the concentration of ions m the solution This relation 
will hold until the concentration of ions is so great that partides cannot sepa 
rate due to oscillatory movements alone. This is the caqilanation of the appar 
ently anomalous behaviour of weak solutions described bdow For dif 
ferent lengths of partides the behaviour at low concentrations vrill be different, 
but all will have the same behavior at high concentrations and for every par 
bde length there will be a critical concentration at which the mn-nmnm inter 
partide distance is obtained. 

Equiltbnum Concentrattons of Top and BoUom Layer 

The variation of equilibnum concentrations with length of partide is very 
well shown m the study by Bawden and Pine (1937c) on the effect of punfica 
tion of the virus One effect of this purification would be to separate the 
longer from the shorter partides The first method used was to allow the 
virus solution to separate mto two layers, to take the bottom layer and to 
dilute it with water up to the original volume and to allow further sqjaration 
If the virus ongmally contained partides of different lengths in equflibnum 
there would be a greater concentration of shorter partides in the top layer and 
the process described would at each stage lead to more unif orm and longer 
partides m the bottom layer The second method of purification, by means 
of trypsm digestion also probably led to longer partides, possibly by removing 
material at the end of the partides which prevented them jommg with others 
The general observation of Bawden and Pine was that further purification of 
the virus altered very markedly the equflibnum concentration between top 
and bottom layer solutions. 

TJnpunfied vims, salt preapitated but not subjected to the above 
methods, remamed m the top layer solutions up to concentrations of 4 per cent, 
when it was m equilibnum with bottom solutions of concentrations of 8 per 
cent, while highly purified solutions of as little as 1 6 per cent divided into 
two layers, the difference of concentration between them bemg as low as 0 02 
per rait. Moreover, at this concentration, the top solutions showed a flow 
birefringence which remained m evidence for some seconds after actual flow 
had ceased This suggests that we are dcalmg with an equilibrium system m 
which the alternation of one variable causes a contmuous transition between 
a distmct two phase region and a critical condition m which only one phase 
13 possible. One plausible suggestion is that the length of the particles is the 
variable factor though the effect of unidentified impurities may be of as great 
or greater importance. 
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Consider the conditions that determine the limiting concentration m top 
and bottom layer solutions In the top layer, this is fixed by the limit of the 
space available to a particle for free movement The minimum space may be 
taken as that of a flat cylmder of height equal to the diameter of the particle 
(d) and diameter equal to its length (/) (see p 143) Its volume is accordingly 

4 

It may actually be smaller than this if particles on movmg around manage 
to clear others out of them way without jamming, but it is difficult to work this 
out theoretically In the bottom layer on the other hand, it is reasonable to 
suppose that the equihbrium distance between parallel particles is a sunple 
fimction of them length, that is, that the piossibility of mamtaming a parallel 
ahgnment is a function of the ratio of the distance (r) of the particles apart 
to their length, and that beyond a certam critical ratio (K) brownian movement 
would make the arrangement unstable On the sunplest hypothesis, therefore, 
the volume occupied by a smgle particle wiU be 

^ where iC = 7 

2 2 / 


The hmitmg concentrations of the top and bottom layers are therefore 

ttW 


and 


2in 


VsK^-i- 


respectively where in is the mass of dry virus per unit length 


It can be seen that as the length of the particle increases both equihbrium 
concentrations decrease, and further that at a certam critical concentration 
the difference between them vamshes, that is where 


I » 


trd 


This concentration appears to be 1 8 per cent for tobacco mosaic virus (Baw- 
den and Pme, 1937 a) ® For a solution of twice this concentration m the top 
layer, 3 6 per cent, the correspondmg bottom layer concentration would be 
four tunes, or 7 2 per cent which approximates more closely than should be 
expected with the values 4 per cent and 8 per cent respectively given by Bawden 
and Pirie Moving to higher concentrations we find that a hmitmg concentra- 
tion of 9 per cent m the top layer would correspond to one of 45 per cent for the 
bottom, which is a maximum concentration, being approximately that of wet 
gel or preapitated crystals This suggests that the phenomena of separation 


® Page 287 
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into layers, and indeed the existence of bottom layer, can only be observed for 
particles whose lengths are not less than one-fifth of the critical length* 

From the recent measurements of Kausche ei <U (1939) on tobacco mosaic 
virus we find this ratio is at least ten to one, so that we may expect onentation 
always to occur for tobacco mosaic virus at suffinent concentrations On the 
other hand the conditions for observing It for other viruses whose particles 
are not so long though still anisotropic may be more difficult to achieve. It 
should be possible to check this theory quantitatively when samples of virus 
of uniform and known length can be obtamed, and further to check it by meas- 
uring the effect of ionic concentrations and pH on its equflibnum The mflu 
ence of temperature on equilibnum would give further information, particu- 
larly of the mteraction energy Preliminary measurements show that while 
changes of temperature affect the equilibnum in the expected way, that is nse 
of temperature diminishes the amount of the ordered phase, the effect is a 
small one and therefore corresponds to a very small interaction energy The 
whole problem has now acquired such theoretical importance that it deserves 
an extended study of its own, using uniform and purified materials m large 
quantities 

Tks Mechanism of Gel Formaiton 

The conditions of equilibnum between elongated particles in ionic solutions 
has a very dose bearmg on the formation of gels A simple experiment illus- 
trates this in the case of tobacco mosaic virus. If a dilate solution m the on 
ented phase, of concentration about 4 per cent, is flowed through a capillary 
tube It behaves like a uniform unianal crystal (Text fig 11 a) If now some 
acid IS introduced m one end of the tube, then as long as the fiow continues 
the same appearance » mamtamed and there is no notable change m the 
viscosity We know, however, from the x-ray study that now the particles 
are very unevenly distributed and that the liquid is really a two phase one 
consistmg of long tactoids with about 50 per cent dry weight of virus, and of 
almost pure solvent (Text fig 115) Once the flow is stopped particularly 
if the tube is jerked, the orientation largdy vanishes and the liquid changes to 
a fairly rigid gel It is dear that here disturbance of flow lines causes different 
tactoids to touch and form a combmed tactoid framework throughout the 
liquid. We know that two tactoids m contact fuse into a branched tactoid 
(see p 128) We may therefore consider that the whole of the more concen 
trated phase 13 a single tactoid (Text fig 11c) Now the behaviour described 
a typical of a rfieopectic gd, and it would seem very probable that a similar 
explanation holds for aH cases of gel formation, in which long thin partides 
are mvolved. In such cases a gel must be considered to be a two phase system 
in which one of the phases is a solvent contaming a small proportion of partides 
and the other is a liquid crystalline branched aggregate also containing a 
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variable amount of the solvent On standmg the aggregation may go further 
and the gel breaks down into microscopic fibres Other gels, particularly 
those shovvmg thixotropic characters, arc probably formed under analogous 
but somewhat different conditions on account of the different nature of the 
forces between flat and long particles This type of explanation would seem 
to offer a solution to tlie controversy between the rival theories of contact of 
particles and long distance forces m the explanation of gel formation Both 
theories would seem to be right, though in a different sense than that ongmaUy 
propounded The long distance forces are not exercised through the mam 
bulk of the gel, but only between particles constituting individual tactoids, 
whereas the interaction between tactoids corresponds to the supposed con- 
tacts of coUoidal particles At the present stage, it is only possible to say 
safely that this applies to tobacco mosaic virus, but the methods of investiga- 
tion described above could well be used to check the validity of this theory 
for other colloidal systems 

The Summary and Bibliography appear at the end of Part in 


EXPLANATION OF PLATES 
Plate 1 

Photographs of onentation phenomena of virus solutions and gels (crossed nicols) 

Fig 1 Tobacco mosaic virus solution in drying cell showing (o) bottom layer 
solution, (6) wet gel, and (c) dry gel 

Fig 2 As Fig 1, but showmg (a) flow of bottom layer solution around end of 
spacer rod from left to nght and (b) zigzag drying m wet gel 

Fig 3 “Positive” tactoids of bottom layer solution m top layer 

Fig 4 “Negative” tactoids of top layer in bottom layer solution showing sinuous 
onentation directions 

Fig 5 Onented bottom layer solution in capillary tube with quartz wedge showmg 
compensation 

Fig 6 Onentation of top layer solution by altematmg current showing electrodes 
and lummous patch of oriented top layer 





Plate 2 


Further orientation phenomena of \irus solutions and gels 
Re\ ersed spiral structures — Figs 7-9 

Fig 7 Re\ ersed spirals in wide tube Taken b\ Professor \ an Iterson (Crossed 
nicols ) 

Fig 8 Reversed spirals in narrow tube Taken b\ Professor Van Iterson 
(Crossed nicols) Showing dark— parallel oriented and light — spirallj arranged 
portions 

Fig 9 With one nicol rotated showing alternate scctionswith same direction of 
rotation of polarisation 

Fig 10 Zigzag structure of i irus dried on plate (unpolarised light) taken by Pro- 
fessor \ an Iterson 

Effects of dilute salt solutions on virus preparations — Figs 1 1-14 

Fig 11 Four capillaries with the same Mrus concentration but with salt content 
increasing from nght to left Note the greater amount of bottom solution as salt 
content increases (crossed nicols) 

Fig 12 0 1 n (NH 4 ) 2 S 04 solution showing negative tactoids (crossed nicols) 

Fig 13 02n (NH 4 ) 2 S 04 solution showing elongated negative tactoids (crossed 
nicols) 

Fig 14 0 3 ^ (NH 4 ) 2 S 04 solution showing gel fibres (unpolarised light) 






Plate 3 


Inter- and intramolecular \-ra3' photographs of various ^ irus preparations 

Intermolecular photographs — Figs 15-18 

Fig 15 Showing shift of intermolecular reflections on passing from (lowest film) 
dry gel to (middle film) w’et gel and (uppermost film) 13 per cent solution 
Fig 16 Effect of concentration of virus on spacing 
(a) 13 per cent solution Unfiltered Cu radiation 

(h) 23 per cent solution Unfiltered Cu radiation 

(c) Top half, 34 per cent solution Unfiltered Cu radiation 
Bottom half, 34 per cent solution Filtered Cu radiation 

(d) 34 per cent solution Rlonocliromatic Cu Ko radiation 

(c) 50 per cent gel Unfiltered Cu radiation 

Fig 17 Enation mosaic vinis solution photographed with monochromatic Cu 
Ka radiation showing extremelv sharp lines due to perfect orientation and arrange- 
ment 

Fig 18 Intermolecular pattern of drj' gels of different virus proteins (0) to- 
bacco mosaic virus (6) enation (c) aucuba (d) cucumber 
Plate distances Figs 15, 16, 17 — 40 cm , Fig 18 — 16 cm 

Intramolecular photographs — Figs 19-21 
Fig 19 T 3 TDical carlj^ drj' gel photograph of tobacco mosaic virus 
Fig 20 Cucumber mosaic virus 

Fig 21 Potato virus X (shorter plate distance) Note the two lines 2 and 4 
inside the strong meridian line 6 instead of the single line 3 on tobacco and cucumber 
virus photographs 




(Bemal and Fankuchen \ ray and cryitaHographlc itudlei of plant vlru* I H) 



Plate 4 

X-ray photographs of tobacco mosaic virus 

Fig 22 Intermolecular pm-holc photograph (plate distance 30 cm ) of small piece 
of dry gel mounted with \-rays along particle direction showing orientation relative 
to surface (vertical in photograph) and hexagonal single cr 3 'stal character It can 
be seen that the (1120) and not the (iTOO) planes he parallel to the surface (air-water 
interface in drying cell (Text-fig 2) 

Fig 23 Intramolecular pin-hole photograph (plate distance 6 cm ) of the same 
piece showing completely random orientation of individual particles 

Fig 24 Intramolecular photograph of 36 per cent enation solution in capillarj’' 
tube (direct print) (Plate distance 14 8 cm ) 

Fig 25 Same as Fig 24, but pnnted through a rotating sector disc to show aU 
important reflections of comparable intensity 
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X-RAY AND CRYSTALLOGRAPHIC STUDIES OF PLANT VIRUS 
PREPARATIONS HI 

By J D BERNAL ajto I FANKUCHEN* 

{From the Department of Physics^ Btrkbeck CoUege, Untversxiy of London) 
(Received for publication, ilaich 14, 1941) 

1 The Structure of Parttdes 

Almost the whole of our evidence for the mtemal structure of the particles 
IS denved from x ray observations, particularly those of the high angle or mtra 
molecular photographs In contradistmcUon to the low angle photographs, 
the most striking feature is that the ^eral appearance of the pattern is 
mdependent of the state of hydration 

Most of the photographs have been taken from oriented spccamena. This 
13 because on unonented specimens the wealth of lines makes direct mterpreta 
tion impossible, though with a knowledge of the onented pattern they may all 
be identified. Table IV shows the close correspondence between the spaemgs 
of the spots on our onented photographs (Plate 4, Fig 25)' with the rings on 
the unonented photographs of Wyckoff and Corey (1936) The onented speci 
mens gave typical fibre photographs In the case of the large two dimensional 
crystals of the dry gel, which possess secondary onentation relative to the 
water surface, a careful search was made to see if the large-angle scattermg 
also showed such onentation, but no trace of it was found (Plate 4, Fig 23) 
It would therefore appear that the only mutual onentation which affects the 
inner portions of the particles is that of parallelism of their long axes. But 
this negative result may be due to the disorientation of the dry gel on shr inkin g 

The large-angle scattermg of the various vims preparations shows character 
istic similanties and differences. Only four distinct patterns have been 
observed The first, which has been most carefully studied, is common to all 
the strains of tobacco mosaic virus, a second barely distinguishable from it is 
given by the cucumber virus (Plate 3, Fig 20) A third is given by both 
strains M the potato vmis X (Plate 3, Fig 21) The fourth pattern, which h 
difficult to compare with the others owmg to the absence of onentation, is 
given by the isotropic bushy stunt vmis of tomato (Bernal, Fankuchen, and 
Riley, 1938) 

* Now National Research Fellow in Protem Chcmistiy Physics Department, 
Massachusetts Institute of Technology, Cambndge, Massachusetts, 

* The plates appear at the end of Parts I and EL 
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The Inlrmnoleciilar Pattern 

Of these only the pattern of the tobacco mosaic strains has been examined, 
in any detail, though enough is known of the others to show their general 
relationships Early photographs of the tobacco mosaic virus, as either 
oriented gel or as liquid, gave the pattern shown in Plate 3, Fig 19, contammg 
four mam spots (0003), (0006), (4482), and (3037) Of these the (4482), (0006), 
and (3037), lay approxunately on a Debye circle of 11 A, the region of strong 
reflection for proteins This and mdications of another ring of reflections at 
about 4 5 A were sufficient to show that the picture was of the same type as 
those of protems The sharpness of the spots was, how ever, definitely greater 
than for the natural fibre proteins, except perhaps feather keratin They w'erc 
not, however, at this stage by any means as sharp as those from crj'stalline 
protems (Bernal, Fankuchen, and Perutx, 1938) Further studies, however, 
showed that this was largely due to lack of orientation It was found that 
the clearest photographs could be obtained from solutions oriented m capillary 
tubes and after many trials remarkably perfect photographs were obtained 
The best (Plate 4, Figs 24 and 25) ivhich required an exposure of nearly 400 
hours, showed hundreds of distmct spots some of which, particularly near the 
meridian Ime, were as sharp as those from crj^stalline protems 

Interpretation 

The interpretation of the intramolecular pattern seemed at first sight fairly 
straightforward It corresponded to that of a crystal w’lth a hexagonal lattice 
of o — 87 A, c = 68 A (Bernal, 1938) As progressive!}' better photographs 
were obtained several spots appeared w'hich could not be explained by such a 
small cell It was hoped that by obtammg still better photographs this diffi- 
culty could be cleared up, but the best obtained merely confirmed the impos- 
sibflity of the simple mterpretation Orthorhombic and monodmic pseudo- 
hexagonal cells were next tried, but they also failed to account satisfactorily 
for the observed reflections, while caUmg for many others that were not ob- 
served It appeared that it was quite impossible to explain the pattern on the 
existmg theory of x-ray difiFraction from a crystal, for any cell large enough to 
give the observed spots was found to be larger than the size of the particle as 
inferred from aU the mtermolecular measurements 

The key to what may be the true explanation of this paradox, and what is 
m any case a plausible one, was found m a detailed comparison of the mtia- 
molecular photographs of the dry gels, wet gels, and solutions The equa- 
torial Ime offers the greatest mterest, for here the mtermolecular pattern of 
the dry gel is found to pass almost contmuously mto the near mtramolecular 
pattern of the solutions, as shown m Tables I and IV Particularly significant 
are the two reflections at f values of approximately 0 031 and 0 043,^ (corre- 

* g IS a coordinate of a reflectmg plane m reciprocal space For details see Bernal 
(1927) 
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TABLE Itf 


7*/ermciife«/ar Dctc from Air Dried Aniseiropic (rrfj Rdatnc InUnxUUs Spccinis, and 
Inttrparild* DUtaieca in Ar^tsiron VniU 
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The intemltki are very seitfitive to lUght variatioju of water content It has been 
observed for tobacco coosalc virus that the p res e n ce of moiiture tends to weaken the (1010) 
reflectfcm and to enhance the (2340) and (3140) 


TABLE Ih 

X Ray Data from Bmky Slutd Virm 



Wet cryitab 

Dry crystals 

Side of qbU cell 

mA 

xisA 
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The unit ceD of the wet oyital is body catered cubic and cont a in s two inoleailfs. Despite 
the fact that only one reflection was observed from the dry crystals, there are good renscais 
for to It the same type unit celL 
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TABLE n 


Data lUuslrattng the Relation between Spaetng and Coneentration in Virus Preparations 
N ■= No of grams vacuum-dned protein in 100 cc of specimen 
T M V = tobacco mosaic virus 


Virus used 

N 

Spacing 

observed 

d(io7o) 

Intcrpnrticle 

distance 

1650 

Vn 

T M V vacuum dried 

TMV enation, and aucuba, air 

137 

129 

149 

143 

dried 

131 

132 

152 

144 

TMV wet gel 

57 5 

184-192 

213-222 

217 

Aucuba 

34 

252 

291 

281 

Enation 

26 

259 

300 

324 

Enation 

25 

287 

332 

330 

TMV 

23 

297 

343 

340 

TMV 

13 

397 

458 

460 


TABLE m 

The Dependence of Interpariide Distance in Equilibrium Gels on Salt Concentration and pH 


(a) Gels in ammonium sulfate solution 


Normality of (NHi)jS0« 

d(ioro) 

Intcrparticle distance 

8 25 

150 

173 

6 2 

150 

173 

4 12 

158 

182 

2 06 

161 

186 

1 03 

182 

210 

0 52 

192 

223 

0 33 

198 

229 

0 26 

216-261 

251-302 


(6) Gels at varying pH 


pH j 

d(iolo) 

Interpnrticle distance 

2 5 

3 0 

Specunen dispersed 

171 

198 

3 4 

158 

182 

3 4 

160 

185 

3 4 

167 

192 

4 0 

174 

201 

5 0 

206 

237 

6 0 

252 

289 

7 0 

'^263 

~305 


sponding to spaemgs of 50 and 36 A respectively) In the dry gel they cor- 
respond to the reflections of (1230) and the doublet (2240 and 1340), in the 
50 per cent wet gel to (1340) and (5050) Beyond this they cannot be clearly 






















J D BEHNaL and I FANIUCHEN 


151 


identified with any intennolecular spacing, but their position has hardly 
changed There can be no reasonable doubt that they correspond to impor 


TABLE IV 

IntrarndteidoT dala on tobouo mosoic virus 


Pevder d*ti (Wrckofl tad Congr) 


CtatfUadlac lacniaolceBltr rtSectioiti frocB best orlasttd 
(eaatloa) 
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Text-Fig 16 Projection of reciprocal net of hexagonal unit cell to show indexing 
of reflections of Plate 4, Fig 24 o = 87 A, c ■= 68 A Region betiveen y axis and 
curved hne is a forbidden zone (Bernal, 1927) 


size would be larger than the particle, but we can make the complementary 
assumption that for the scattering of the isolated virus particle referred to a true 
repeat unit inside the particle, fractional as well as integral indices are admissible 
for the reflecting planes The assumption of fractional mdices, darmg as it 
seems, might but for its novelty have been logically deduced from the scattermg 
conditions of the isolated particle The Bragg theory of diffraction of x-rays 
by crystals is based on the assumption that the repeat unit is repeated an m- 
defimte number of times If this is not the case the subsidiary diffraction max- 
ima can no longer be neglected The theory is here necessarily comphcated 
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and has not up till now been attempted largely because no known expcnmental 
examples of it existed It is, however, in many respects similar to that of 
electron diffraction from very thin crystals No attempt will be made here to 
develop it fonnallj , merely to indicate the general manner in which the anom 
alous X ray pattern of the virus partides may be eiqilained 

The partidc is short only m two dimensions In the direction of its length 
there are manj repeat units and therefore the diffraction effects correspondmg 
to this direction are normal In all other directions, however, fractional {hk() 
radices are observed Table IV and Text fig 16* show the allocation of these 
Owing to the great number of possible planes for which $>01 and the ratnn 
aic lack of sharpness in this region only the inner reflections can be indexed with 
certaratv, and most of these occur on the equator and on the third and sixth 
layer lines. Some characteristic regularities can be noticed but have not as 
yet been explained Thus, on the equator no reflections with integral indices 
appw Reflections both with integral radices and fractional ones of the type 
(AA2Af) occur on the third and sixth layer lines The integral reflections here 
are strong and the fractional weak. It would appear as if each true reflection 
was forbidden on the equator and replaced by a doublet of fractional radices, 
while on the layer lines the true reflcctrans appeared with two non integral 
satellites forming a triplet One equatorial reflection in particular, the strong 
reflection at $ — 0 0165 (93 A) should be noticed as arrrtsponds to Pu Fresnel 
scaUmng of the peritde as a whole The second order mterferences are found 
only for small values of $ and here the uncertainty of measurement makes it 
difficult to identify them with certainty 

Crif Size and Molecular Weight 

If the explanation of the observed reflections given above be accepted, the 
apparent great complexity of the pattern is due to the diffraction effects not 
conforming with Braggfs law, owing to the finite size of the particles It 
follows that in the discussion of the actual structure these effects can be dis- 
regarded in the first place, and an ideal repeat umt chosen which corresponds 
to the disposition of scattering matter inside each partide. This proves to be 
the cell originally chosen, o 87 A, c «=» 68 A, which would provide exactly 
three cells m a hexagonal partide cross-section (Text fig 17) This is m 
excellent agreement with the partide diameter ol ISO A *=* 87 %/3 derived from 
the ratermolecular measurements on the dry gel For such a cell assuming a 
density of 1,34 (Bawden and Pirie, 1937 o) the molecular weight would be 370, 
000 On account of the strength of the sixth layer line and the marked pseudo- 
rhomhohedral character of the reflections, the true repeat umts may well be 
one-snth of this or 62,000 Assuming 6 per cent of this is nudcic aad this 

• Ihe text figures for Parts I II, and III are numbered consecutfvdy 
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gives a molecidar weight of 58,000, which is of the same order as that of a pro- 
tem molecule, though it does not fit well mto any of the Svedberg classes 
(Svedberg, 1939) It must be emphasized that this is a cell molecular weight 
and not the "molecular weight" of the gross virus particle which is, of course, 
very much greater 

Internal Structure 

It IS difficult on the basis of the complicated x-ray evidence to go much deeper 
mto the structure of the molecule Certain deductions may, however, legit- 
imately be made The two most noticeable features of the pattern are first, 
the absence of strong reflections on the equator which shows that the particles 



Text-Fig 17 Diagrammatic cross-section of drj' gel showang the relation of the 
imit cell of the particle ivith that of the interparticle packing 

cannot be composed of bundles of fibrous molecules and, second, the presence 
of extremely strong reflections perpendicular to the axes, mdicatmg some form 
of layer structure Further, the pattern is clearly differentiated mto that of 
the zero, third, and sixth layer fines, and that of the other layer fines This 
together with the absence of (lOl/) and (202/), while (0003/) and (112/) are 
strongly represented, suggests a rhombohedral structure, a = 55 A, a = 
104i° 

The presence of the planes (3032) and (3143) would appear to contradict 
this, but these may be anomalous reflections, or the structure may be only 
pseudorhombohedral with a triad screw axis 

Strong reflectmg planes would appear to mdicate sub-imits, the larger sub- 
umt correspondmg to the planes (0003) and (112/) would be a flat platelet of 
dimensions 44 X 44 X 22 A, the smaller corresponding to the strongest planes 
of all, (0006), and (4482) and the nng of planes at spaemgs of about 11 A 
would be a roughly equidimensional sub-unit of diameter 11 A The larger 
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Text Fio 18 Diagrams to illustrate tobacco mosaic virus structure seen at 
different magnifi cations (In each case the view oiow is normal to the particle length, 
hdov along the partide length.) 

1 Arrangement of particles m dry gel a side view b end view 1 cm. — 600 A 

2 Single virus particle showing subdivisions into crystal unit cells. • — • — 
• — • indicates c aais repeat unit of 68 A. o side view, 6 end view 1 cm — 

200 A. 

3 Cubic dose packing of large sub-units as seen in the three virus nmt cells making 
up one particle a side view b end view 1 cm — 67 A a shows a section at AB 
of the view below (b) I sub-unit at bottom of ccD H, sub-cnit at ^of unit cell 
height m, Bub-imit at H of umt cell height 

sub-mute could be arranged in cubic dose packmg, as shown in Text fig 18 
Further confirmation is furnished by the photographs of potato virus X (Plate 
3, Fig 21) Here we have the same strong reflection at 11 A, but there arc 
also reflections at 33 and 16.5 A suggestmg that here also the 11 A sub-units 
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are present but that the larger sub-units are 44 X 33 A and are arranged in 
hexagonal rather than cubic close packing 

This IS as far as it is safe to go on the basis of the experimental material avail- 
able There is no doubt, however, that with the help of more detailed photo- 
graphs and comparisons with further virus types, it should be possible to ob- 
tam much more detailed mformation on the structure 

DISCUSSION 

The evidence so far supports the view that the virus particle is m some 
sense mtermediate between a molecule and a crystal of a normal crj^stalhne 
protem Its lateral dimensions are of the order of six tunes those of a protem 
molecule, while m the direction of its length, it contams a multiple of 24 true 
or 144 pseudocells, almost as man}'- as a small protein crystal (Text-fig 18 b) 
In detail the mtramolecular pattern shows mterestmg resemblances and dif- 
ferences from those of the protems that have hitherto been studied Like 
them it shows the dommant 11 and 4 5 A spacmgs, mdicatmg the same basic 
mtemal structure (Bernal, 1939) It differs, however, from them by the fact 
that one of the 11 A reflections, that perpendicular to the particle length pre- 
dommates over all the others This mdicates either sheets or sets of parallel 
fibres with this lateral spacing, or, what comes to much the same thmg, a high 
degree of ahgnment of the smallest sub-units To a certam degree it resembles 
the fibrous and denatured protems m this repeat and may like them have a 
simpler structure than that of the crystalhne proteins ^ Such a deduction 
would fit with the -view that the ^’^rus was m some way simpler than other 
protems, but whether because it was more primitive than the crystalhne, or is 
a degradation product of them it is of course impossible to say at present 
Astbury and Bell (1938) and Astbury (1938 a, b) have suggested that the hypo- 
thetical virus sub-units of 22 A cube are each linked with one nucleotide of the 
nucleic acid cham or rmg This fits reasonably with the analytical figures for 
phosphorus content but as yet there is no dnect e-vidence for the view The 
answer to these questions must be found m a far wider study of protems and 
nucleoprotems by x-ray methods 

2 Biological Impltcaiioiis 

So far the discussion has been confined to an elucidation of the modes of 
aggregation and the mtemal structure of vims particles, based primarily on 
an mtensive study of tobacco mosaic vnus, with its two selected strams, 
enation and aucuba which are except m the respects mentioned below mdis- 

* More recently the structure of horse serum albumm has been studied by one of 
us (Fankuchen, 1940) and this seems to offer some analogy to that of tobacco mosaic 
virus It is hexagonal, o ■= 96 A, c = 144 A the mam reflection bemg the (0006) 
at 24 A 
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tmguishable. The other viruses, cucumber virus strains, potato virus X 
strains, and bushy stunt, were studied less intensively and ran only be dis- 
cussed here m a comparative wa> 

Physical Properties 

In physical properties the different virus preparations vary widely (see 
Bawden and Pine, 1937 a and 5, 1938 n, h and c) The differences that we ob- 
served refer only to the preparations of wet and dry geL In this respect the 
behaviour of the three strains of tobacco mosaic virus was indistinguishable, 
all gave gels of fumil a r texture and birefrmgence, but it was observable that 
these were more easily obtained m a well onented form from the ordinary stram 
Cucumber virus strains gave gels of lower birefringence for wet and for dry 
gel, and these were definitely not so well onented Potato virus X strains 
gave even worse gels of very low birefringence and poor onentatiom No 
onentation phenomena were observable for busby stunt virus, and the gels it 
gave were amorphous 


Tnlramolecular Patterns 

All the strains of tobacco mosaic virus gave indistinguishable mtramolecular 
patterns, as far as the position and mtcnaities of the four prmapal spots, (0003), 
(0006), (4482), and (3037), are concerned (see p 148) Enation and the or 
dmary strain in solution also gave the some full detailed patterns The 
aucuba stram and the cucumber vims were not eramined m such detafi. 
We may, however, condude that they contem the very similar sub-units and 
partide structure. Potato virus X showed a different mtramolecular pattern, 
(Plate 3, Fig 21), which, however, was dearly rdated to that of the tobacco 
virus The reflection corre^nding to (0006) m tobacco mosaic virus remains 
as the strongest at 11 A, but (0003) is replaced by two qwts of spacing 33 and 
16 5 A representmg the first and second orders of which (0006) is the third 
(3140) and (4482) are replaced by arcs of approximately the same spacing, 
but it is impossible to determine their precise position owing to the poor 
onentation of the specimens No diffcrcna was detectable between the or 
dmary and the masked strains of potato vims X. The most obvious inter 
pretation at tfim stage is that the virus contains similar sub-units, but that 
these are arranged m a different way to those of tobacco and cucumber vims 
In the case of the bushy stimt virus the distinction established between mter 
molecular and mtramolecular patterns breaks down. As the crystals here are 
true cr ys tals all x ray reflections must conform to Bragg^s law for the crystal 
umt, which here corregwnds to the mtcrmofecular pattern observed for the 
other viruses Powder photographs at short distances, however, do show defi- 
mte concentrations of scattering at about 11 and 4ir A, of which no more can 
be said than that they are typical of protems m general and not unlike those 
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given by the other viruses It may be possible to get more information on this 
pomt by exammmg smgle crystals, though so far these have proved too small 
for the purpose 


Intermolecular Patterns 

The different varieties of virus showed distmct differences m their mter- 
molecular patterns These differences are of two Lmds, namely, in the spacing 
of the pattern and m the relative mtensities of the different spots Withm the 
accuracy of measurement of about one-fifth per cent, all strams of tobacco 
mosaic virus give the same dry gel spacmg It must be emphasized that this 
reproducibihty is one of the most notable characteristics of the virus prepara- 
tions Centrifuged sap, dried top and bottom solutions of different concen- 
trations, and dried crystals prepared from different samples and at different 
tunes, give identical spacmgs to this degree of accuracy Both vaneties of 
cucumber virus give a different spacmg though the difference is small, 128 A 
agamst 132 A for the tobacco mosaic strams 

The patterns given by the bushy stunt virus are necessarily of a very different 
kmd The virus was prepared m the form of small crystals which on micro- 
scopic exammation appeared to be regular dodecahedra, which are completely 
isotropic (Bawden and Pirie, 1938 i>) This mdicates the probabihty of a 
spherical rather than an elongated particle For the x-ray exammation powder 
methods were used, the virus bemgexammed first of all m its mother hquor and 
subsequently air dried (Bernal, Fankuchen, and Rfley, 1938) The results 
of the measurements are shown m Table I They correspond to those of a 
body-centred cubic structure This is m perfect agreement with the habit of 
the crystals, for accordmg to Federov’s law the rhombohedral habit cor- 
responds to body-centred packmg The size of the cell m the wet case is 
394 A and m the dry case 318 A Their ratio corresponds withm errors of 
measurement to a shrinkage observed on the crystals themselves Usmg this 
cell size and the observed density of 1 286 for the wet crystals, the wet particle 
molecular weight would appear to be 24,000,000 Bawden and Pirie (1938 6) 
estimated the water content of these crystals to be 55 per cent and if this is the 
case the dry particle molecular weight would be 10,800,000 compared to 
8,800,000 the molecular weight measured by McFarlane and Kekwick (1938) 
More recently, Neurath and Cooper (1940) have reported a molecular weight 
of 10,600,000, based on sedimentation and diffusion measurements It has 
so far proved impossible to measure the density of the dry crystals, and thus 
to measure the dry molecular weight directly The value given above would 
mdicate a density of only 1 12 for the dry crystals, which would appear to 
show that there is considerable zeohtic loss of water The diameter of the dry 
particle would appear to be 276 A or much greater than that of the tobacco 
mosaic type 
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The other viruses did not provide any recognisable intermolecular pattern, 
though, particularly in the case of potato vims X, exhaustive search was made 
for such a pattern This may be doe to the larger size of the virus particles or 
to their irregular shape. Further work is obviously needed here. 

The other type of difference between mtermolecular patterns of the other 
virus strains Is that of mtensity Plate HI, Fig 18 and Table I show the 
different reflections of tobacco and cucumber viruses and their estimated in 
tensities AH these were taken from specimens prepared m an identical way 
and exammed in the same orientation The three strains of the tobacco virus 
do show definite differences of mtensity In view of the discovery of the 
secondary onentation of the particles it might seem that the differenceg are 
due to this cause, and, mdeed, to a certain extent this may be so, the tendency 
to onentation bemg possibly more marked m the normal tobacco mosaic st rain* 
than m the aucuba and enation strains This, however, cannot account for the 
mcrcased mtensity of the reflections from the (1230) planes, which, occumng 
at intervals of approxnnately 30®, arc comparatively independent of secondary 
onentation The cucumber virus shows this difference m a far more marked 
form, the unresolved doublets of planes (2240) and (3140), which is only visible 
m tobacco after heavier exposures, ore here prominent. The speenneru of 
tobacco mosaic virus prepared m 1938 were found to give a pattern which in 
mtensity was very different from that of the eariier preparations Further 
this pattern did not itself remam constant (Table I) What is notable is the 
increase m mtensity of the (2240) and the variability of (1230) It was thought 
that these changes might be due to ageing and some of the specimens were sent 
back to htr Bawden for infectrvity tests but were found to behave quite nor- 
mally It is possible that these differences are not due to changes m the par 
tide itself, but merely because of its association with water The line mtensity 
IS in fact very sensitive to the amount of water present. An old specimen of 
tobacco mosaic virus which when dried tn vaa40 gave an excellent four line 
pattern with (1100) most intense and mterparticlc distance of 150 A, gave on 
exposure to air on a damp day on extremely poor pattern with (123o) strong 
and (1100) weaker and mterpartide distance of 153 A, Attempts were made 
to estimate these differences quantitatively by photometer records of the film 
densities. Owing to the onentation effect, however, the relative mtensities 
can only be used for comparison purposes. 

It IS difficult to ppy M the significance of the differences m the mtermolecular 
patterns, but they are probably due to slight differences m the shape of the 
cross-section and of its association with water Their full duadation requires 
further work in conjunction with a doser study of their mtramolecular Jjat 
terns. They have some value, however, for comparative purposes 
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Classification 

The comparison between the mtramolecular structure of tobacco, cucumber, 
and potato viruses pomts clearly to a common pattern Already, on the 
basis of the x-ray analysis alone, it is possible to arrange the specimens we have 
exammed on a scale of similarity and differences which is shown in Table I 
The three varieties of tobacco mosaic virus which only show slight differences 
m mtensity m their mtermolecular patterns and none at all m their mtra- 
molecular, might be counted as varieties m a species The related species 
would be that of cucumber mosaic virus, which shows marked differences m 
the mtermolecular pattern, not only m mtensity but also m spacmg A dif- 
ferent genus would be represented by the potato virus, where the mtramolecular 
pattern mdicates a different arrangement of similar sub-units Stdl another 
would be given by the bushy stunt virus, m whiph although the mtramolecular 
pattern is roughly the same m character, no orientation phenomena can be 
observed All these virus specimens together show patterns which have more 
similarities amongst each other than with other proteins though it should be 
pomted out that those exammed so far by x-rays are a small and unrepresenta- 
tive sample 

These similarities and differences are seen to run closely parallel to those 
obtamed by Bawden and Pirie (1937 a and 1938 a and h, 1939) on clmical 
and serological grounds, and it may be hoped that the x-ray method may prove 
of value m explammg the structural characters underlymg the differences be- 
tween strams and species of virus and sundar bodies 

General Conclusions 

The provisional picture that we can now give of plant inrus particles has 
already modified earher conclusions m several respects The virus that has 
been most thoroughly studied, that of the tobacco mosaic disease, seems to have 
very elongated particles of vanable length, which we now recognise are m part 
artefacts Virus particles m the plant are defimtely shorter and possibly all 
of the same length In bushy stunt virus, which gives cubic crystals, they must 
be approximately spherical The anisotropic character of the other viruses, 
so mterestmg from the coUoid chemical standpomt and so useful for their x-ray 
examination, seems now to have been somewhat of a happy accident, brought 
about by the tendency of cylmdrical molecules to aggregate along their length 
It must be emphasized, however, that if this is the case, all trace of the length 
of the origmal particles may have been lost m the residtmg elongated particle 

The x-ray evidence pomts to a virus particle of complex structure It is 
more analogous to a protem ciystal than a protem molecule Its mtemal regu- 
larity is very considerable The crystaUmity of the virus goes further than the 
aggregation of similar particles that produce the visible crystals or liquid crys- 
tals, it IS a property of the isolated particles of the virus 
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The arrangement seems to be one of nmn]! sub-xmlta, 11 X 11 X 11 A 
definitely of a smaller order than those of crystalline protein molecules There 
are indications that the nudeoprotem of the particle fins a different internal 
structure from that of normal crystalline proteins and that it is m some ways 
simpler 


Btolcgtccl Stpttjicance 

This IS not the place to disaiss the biological significance of these observa 
tions. Until more is known of the structure and biochemical functions of 
systems such as bacteria, whose chemical activities arc usually as criteria 
of life, the crystallme nature of the particles that we have studied cannot m 
itself be given a biological significance nor give an answer to the question as to 
whether they are or are not the infective agent (Bawden and Pine, 1937 a), 
nor to the far more metaphysical question as to whether they are to be con- 
sidered livmg organisms (Pirie, 1937) We would moreover like to emphasize 
that the only fully reliable facts that are here established are the physical and 
I ray measurements The hypotheses used to explam them are more or less 
provisional and it would be premature to base elaborate or detailed mterpreta 
twns of structure and fimction on the evidence available at this stage of the 
work. 

The chief utility of this work up to the present has probably lam in the ei 
tension to the biological field of two new methods, the technique of the study 
of onented aggregates and the x ray examination of complex structures of very 
long ^angs We have shown that this latter techmque is by no means dif 
ficult and we may therefore hope that many other such structures will be dis- 
covered by its means Effectively by the use of ordmaiy x rays at small angles 
we can measure any r^ularities of the order of 1000 A or 1/10 fi and tfik is 
dose to the lower resolvable limit of the ultraviolet microscope and has already 
been reached by the electron microscope. It should further be possible to 
push the examination of fine structures from that obtainable by the microscope 
right down to atormc dimensions 

The study of the virus preparations by these methods has brought to light 
hitherto unsuspected or at least undemonstrated properties of colloidal aggre- 
gates It has been demonstrated that bnear colloidal partides are arranged, 
even m dilute solution, m aggregates as regular as those of a crystal. The dis- 
tance between them can be varied with the lomc character of the medium and 
this proves the existence of long range mterpartide forces and mdeed provides 
quantitative confirmation of the theories of these forces. Further by combm 
ing the x ray studies with optical observations it has been possible to build up a 
theory of gd formation and thixotropy that may prove of value The viruses 
of the tobacco mosaic type owing to their extreme uniformity and stabflity 
are indeed an ideal material for the controlled studies of colloids Finally, 



162 X-RAY AND CRYSTALLOGRAPHIC STUDIES OF PLANT VIRUS HI 


it must be emphasized that with such a bewildering set of new phenomena, 
the work here recorded represents only a prehminary and rough survey and that 
many more man-years of work wiU be requHed before exact and reliable mter- 
pretations can be expected 

We are greatly indebted to Mr N W Pnie and Mr F C Bawden for 
supplymg us with the virus preparations used in this work and to Mr C Chap- 
man for the construction of the apparatus Miss F Bell took some of the 
earhest mtramolecular photographs of the virus preparations Dr Crowfoot 
was of the greatest assistance durmg the final revision of the paper and was 
responsible for the preparation of many of the illustrations A grant from the 
Royal Soaety made possible the purchase of the x-ray apparatus at Birkbeck 
College, and one of us (I Fankuchen) has been assisted by a grant from the 
Department of Scientific and Industrial Research 

SUMMARY 

These papers give an account of an optical and x-ray exammation of prep- 
arations of plant virus substances isolated by Bawden and Pirie, m particular 
of those of tobacco mosaic disease They open with a historical survey of the 
work, mdicatmg the order in which new phenomena were discovered The 
subsequent treatment is divided into three parts 
I Introduction and preparation of specimens 
n Modes of aggregation of virus particles 
m (1) The structure of the particles 
(2) Biological imphcations 

Part I, after an histoncal mtroduction, describes the method of preparation, 
from solutions of the virus, of optically oriented specimens of different con- 
centrations For their exammation special x-ray apparatus was developed, 
m particular cameras workmg with very low angles and capable of mdicatmg 
spacmgs up to 1000 A 

Part n is concerned with the phenomena of aggregation of the virus particles 
m solutions Two modes of aggregation are observed, a disoriented sol at low 
concentrations and an oriented sol passmg contmuously over to an onented gel 
at higher concentrations Solutions of medium strength divide mto two 
layers on standmg The top layer, which is more dilute, t e of concentrations 
below 1 6 to 4 per cent is an isotropic hquid which shows flow birefrmgence and 
other phenomena mdicatmg the presence of long thm particles The bottom 
layer m equilibrium with it, and also the higher concentrates prepared by cen- 
trifugation, are spontaneously doubly refractive and consist of regions m which 
the particles are parallel X-ray mvestigation shows that the particles are 
edso equidistant and that the sol is a new kmd of hquid crystal with a regular 
hexagonal arrangement m cross-section The distances between the particles 
depend simply on the concentration, mdicatmg the homogeneity of their dis- 
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tribuhon The equilibria between top — and bottom — layer solutions and the 
special forms which the latter can exhibit — tactoids and reversed spirals — are 
also discussed- Preparations with concentrations of 30 per cent and over have 
gel like properties and become stiffer as the water content decreases, but there 
are no abrupt transitions. At pH 7 m the absence of salt these gels swell until 
a concentration in equflibnum with the top layer is reached, that is down to 
concentrations of 4 per ccnt-1 6 per cent Nearer the isoelectnc pomt, at 
pH 3 4, or m ammomum sulfate solution, the degree of swelling is much more 
limited and an equflibnum is reached m which the distance between the par 
tides depends on the pH or the salt concentration The minimum mterpartide 
distance at the isoelectnc pomt or for high salt concentrations is about 175 A. 
The original “crystals” observed by Stanley are shown to be gels of this type 
m the form of small elongated tactoids On drymg, further shrinkage takes 
place and the resultmg air dry gel has an mterpartide distance of only 152 A- 
In these gels the arrangement of partidcs m the cross-section is so perfect that 
each specimen is a two-dimensional smgle crystal. The condusion of this 
study is that the virus preparations consist of approximately cylmdneal par- 
tides about 150 A m diameter Their length cannot easily be estimated by 
X ray methods, but the mintmum value of 1,500 A found by ^usche, Pfankuch, 
and Ruska (1939) is compatible with the x ray evidence. Much longer par 
tides formed by aggregation of these also occur The forces maintammg the 
partides equidistant and paralld in these gels are probably due to the lomc 
atmo^heres surrounclmg them. It is shown that for long partides the mutual 
energy due to the ionic atmospheres is considerably greater than their tem 
perature motion at ordinary tempera tores, and consequently they must arrange 
themselves paralld and m a regular two-dimensional lattice. Farther con- 
sideration of these phenomena leads to an explanation for the other colloid 
phenomena shown by the virusea, particularly the formation of tactoids and 
gels. The spmdle-shaped form of the tactoids is shown to be due to anisotropic 
surface tension due to the parallel arrangement of the long partides on the 
surface. Dilute gels appear to be composed of tactoids of a multiply branched 
character showing thixotropic behaviour This theory may ha\e wide ex- 
tensions to other colloid systems 

In Part HI, Section 1 deals with the i ray evidence on the mtemal structure 
of the partides Even in solution, they have an inner regularity like that of a 
crystal Vims preparations ore thus m a sense doubly crystalline. Closer 
analysis reveals that the i ray patterns arc not directly comparable to those of 
a crystal as many of the reflections do not obey Bragg's law, but can be imder- 
stood on the theory of gratings of limited sise. The structure seems to consist 
of sub-umts of the dimensions of approximately 11 A cube, fitted together m a 
hexagonal or pscudohciagonal lattice of dimensions — a = 87 A, c " 68 A 
Contrary to what earher observations seemed to indicate, the partide seems 
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to be virtually unchanged by drying and must therefore contam little water 
There are marked resemblances with the structure of both crystaUme and 
fibrous protem, but the virus structure does not belong to any of the classes 
hitherto studied There are indications that the inner structure is of a simpler 
character than that of the molecules of crystalline proteins 
Part m, Section 2 contams a comparative study of the optical and x-ray 
exammations of three strams of tobacco mosaic virus, two of cucumber dis- 
ease virus, two of potato virus X, and the virus of bushy stunt disease of 
tomato In the last case x-ray measurement confirmed the deduction from its 
cubic crystal habit that it was composed of spherical rather than long particles, 
and showed that these had a diameter when dry of 276 A and were arranged 
m a body-centred cubic close packing This smgle example is sufficient to 
show that the elongated particle form which gives rise to all the anomalous 
physical properties of the other viruses studied is of no essential biological 
importance The similarity and differences observed between the physical 
properties of these preparations run closely parallel to them clinical and sero- 
logical classification Fmally, the biological implications of these results are 
discussed together with possible apphcations of the new methods of examma- 
tion to the study of colloid and biological problems 
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Chymotiypamogeii is a crystallme protem, which has been isolated from 
add extracts of fresh cattle pancreas by Kunitz and Northrop (1) This 
protein is transformed by minute amounts of trypsm mto an active proteolytic 
enryme, ongmally called chymotiypsm (1), but later designated a-chymo- 
trypsm by KumU (2) This paper deals with the determination of the sulfur 
amino aads and of tyroame and tryptophane in chyrootrypsinogen, kindlv 
put at our disposal by Dr KuniU. 

Semi micro methods for the accurate determination (m protem hydrolysates) 
of the sulfur ammo aads, cysUne, cysteine, and methiomne, and of sulfate 
sulfur have been descntied m recent pubbcations (3-6) from this laboratory 
A system of analysis has been developed in which each of these constituents 
13 determmed by at least t^o independent methods Hydrolysis is earned 
out m an mert atmosphere with HI m presence of hypophosphite, with HCl 
or With HCl in the presence of urea (7) 

Dunng HI digestion methionine (CHj — S — CHj CHj CH(NHa) C(X)H) is 
spht mto methyl iodide and the S-Iactonc of homocysteine (HS CHj CHj 
CH(NHa) COOH) Both spht products are determmed the former as volatile 
iodide, the latter iodometncally (5) HI hydrolysis leaves cysteme unchanged, 
while cys tine is reduced to cysteine so that the sum of these compounds can 
be detenruned os cysteme by lodometnc oxidation (5) Cysteme and cystine 
are determmed separately by our photometne method m HQ hydrol> 
sates (3, 4) 

Aad insoluble humm m HCl hydrolysates interferes with the cysteme deter 
mmation, trinrp- the h umm preapitate may contam appreciable amounts of 
cysteme, as shown first by Lugg (8) With certam proteins (c g egg albumm 
and lactalbumm) the formation of aad insoluble humm can be almost entirclj 
prevented by carrying out the HQ hydrolysis m the presence of urea (7) 
under these conditions satisfactory results for both cysteine and cystine arc 
obtained- 

The Sullivan method {cf 3, 6), which is specific for cystine, cannot be inter 
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preted if a hydrolysate contains both cystine and cysteine, since the latter 
develops more color than the former This method is used as a check on 
the cystine values (cf 3, 6) Sulfate S is determined as H 2 S in HI hydrolysates 
(5) and also by a micro gravimetric procedure as BaSO< in a separate HCl 
hydrotysate (5) Total sulfur in the protein is determined by an adaptation 
(6, 9) of the Pregl method 


TABLE I 


Methionine, Cystine, and Sulfate in Chymolrypstnogen 


Substance 

(1) 

Hjdrolysis 

(method) 

(2) 

1 Methiomne deter 

1 mined as 

1 

C>stinc determined as 

Sulfate sulfur 
determined as 

Volatdc 

iodide 

(3) 

1 Homo 

1 c>5tcme 

I 

w3SM 

■QH 

Cystine 

(6) 

Cysteine + cystine 
(7) 

HsS 

(8) 

BaSOi 

(9) 

mg 


fer cent 

1 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

237 3 

m (0) 

1 19 

1 14 

4 49 

0 

4 49 

0 62 


253 0 

“ (6) 

1 22 

1 23 

4 57 

0 

4 57 

0 59 


188 3 

HCl (c) 



1 11 

3 34 

4 45 



91 4 

“ (d) 



1 26 

3 23 

4 49 



101 54 

“ (e) 




1 



0 64 

Total used for 


Average 1 20 

■ 

■ 

Average 4 50 

1 

1 Average 0 62 

analysis 872 




■ 



! 


Correctedf 

1 

22 

B 

B 

4 59 





(0 262 as S) 


B 

(1 225 as S) 




* Cysteine is calculated as half-cystine (M\V = 120) 

t For sulfate content = 1 94 per cent 

(o) (6) 6 hrs at 150°, method (5) 

(c) 8 hrs at 130°, method (3) 

(d) 8 hrs at 130°, m the presence of urea, method (3, 7) 

(e) 6 hrs at 130°, method (5) 

For casein, lactalbumin, reduced lactalbumin (6), crj’^stalhne egg albumin (6), 
blood fibnn (7), and thyroglobuhn (10), we have shown that the sum of the 
average values for methiomne, cystine, cysteine, and sulfate sulfur accounts 
withm 1 per cent for the total sulfur determmed by elementar}’- analysis 
This concordance estabhshes the significance of the values obtained for the 
individual sulfur amino acids 

From Table I it can be seen that chymotrypsmogen contained some sulfate 
(0 62 per cent sulfate S or 1 94 per cent calculated as SO 4 ) which had not 
been removed by dialysis The methiomne content is 1 22 and that of cys- 
tme + cysteme 4 59 per cent,' the agreement betv'een values ob tamed by 
mdependent methods is excellent In HCl hydrolysates about one quarter 
of the total cystine is present as C 3 ^teme 

' Cysteine = 121) is calculated as half-cystme (MW = 120) 






















ERWIN BRAND AND BEATRICE KASSELL 


169 


In Table II it is shown that methionine S and cystine + cysteine S account 
accurately for total sulfur less sulfate sulfur Chymotrypsmogen contains 
1 484 per cent of protem sulfur 


TABLE ri 

Stdfur Diitribuiion and Holectdar Weight ef Ckymctryptijtofen 


CcautltDcnt 

Solfur 

Per ccot of 
piotelo 
•oUnr 

CoutitMDt 

Sulfur 

Methionine 

><r tm 

0 262 

18 

Total S (PrrgI) 

p€r cat 

2 07 

Cy*tlae + cysteine 

1 225 

a 

Sulfate S 

0 62 

Protem S 

1 487 


Protem S 

1 45 




(Corrected)* 

1 48 


■Av Proteus S " 1 48^ per cent- 


Methionme S 

(Cyitine + cysteine) S + N„rt*u. 

0^62 _1_ _L -1 

1^ " 4 67 “ 9J5 " 14 03 " 18 7 
Methmoine half-cy»dne + cysteine — (•) 3 14 or (b) 4 19 
Per cent cysteine 
Per cent cystiDe 

M 9 J_ 2 _ ^ 

3 ^ " 2 ^ “ 5 12 " 7 67 " 10^ " 12.8 " IS 4 

Cyitcine half-cystinc — 4 10 

Methionme half-cystlDo Q^elne nlfur 
3 10 4 17 

MTnlmam mokculAT weight " 36 600 

Hfftlwnlar wd^t by ocmotic pressure * 36 000 
(Knnite and Northrop (1)) 

• C or rected for SO 4 content — 13>4 per cent- 


From the distribution of the sulfur ammo aads the minimum molecular 
weight of chymotrypsmogen can be calculated, on the basis that the matenal 
analyzed is a pure chemical mdividual and that a protem molecule must con 
tain mtegral numbers of the constituent ammo aads. The molecular weight 
of a protem is given by equation ( 1 ) 


X 100 X Nj 
(Per tenth 


( 1 ) 
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Mp and represent respectively the molecular weight of the protein and of 
an individual amino aad, iV, is an integer and represents the number of residues 
of an individual ammo acid, (per cent), is the content, m per cent by weight, 
of the individual ammo acid in the dry protein Cystine (CyS — SCy, 
MTW = 240) is the equivalent of two ammo acids, it has, therefore, to be con- 
sidered m terms of half-cj'^stine residues ([C 3 ’^S — ], MW = 120) By defim- 
tion, then, the number of half-cystine residues (A^haif-<Tstinc) m a protein must 
always be an eoen integer, while the number of cysteine residues (Wcy,teine) 
may be an even or an odd whole number 

If a smgle ammo acid (a) has been determined, the minimum molecular 
weight IS obtained from equation (1) by taking i\^o = 1 If two ammo aads 
(a) and (b) have been determined, mimmum values for and Ni, are obtained 
by settmg up two simultaneous equations for Mp, resulting in equation (2) 

(Per cent)n ^ ^ ^ 

(Per cenOt Mo Nb 


m which the left side is preferably expressed as a proper fraction, i e , one m 
which the numerator is smaller than the denommator The conversion of 
this proper fraction into the smallest simple fraction (i e one m which both 
numerator and denormnator are integers) yields the number of residues, of 
{a) and (b) per mimmum molecular weight For the sulfur ammo acids equa- 
tion (2) can be simplified as given m equations (3) and (4), since m these cases* 


Mo 


1 


Per cent methionine sulfur JVmetliioninr 

CS ■ ■ - - — - - 

Per cent (cystme + cysteme) sulfur A^hall-cysune -p fVeysteine 

Per cent cysteine A^cysteme 
Per cent cystme A^half-cystine 


(3) 

(4) 


Smee the protein sulfur of chymotrypsinogen has been accuratel}'’ deter- 
rmned (with an error of less than 1 per cent) and has been fully accounted for 
as cystme, cysteme, and methiomne, (each of which contains mtrogen and 
sulfur m eqmatormc proportions) the relationship given m equation (5) 
obtains 

A^sulfur “ Afmetliiomne “P AfhsU-cystlne “P Afcj'steine 

In Table II the number of S atoms and the number of residues of the sulfur 
amino acids m the mimmum molecular weight of chymotrypsmogen are 
calculated from equations (1) to (5) using the experimental data reported 
The figures for methiomne S and for (cystme -p cysteme) S are expressed as a 
proper fraction and converted into a simple fraction It can be seen that for 



ERWIN BRAKD AKD BEATRICE KASSELL 


171 


1 and 2 methionine residues, the corresponding values for half-cystine + 
cj-steine residues differ by 7 and 4 per cent, respective!} , from the nearest 
mtcgers, these differences are outside of the error of the methods However, 
for 3 and 4 methionine residues per mol the corresponding half-cystme + 
cj'stcme values differ only b> 0 4 and 1 6 per ant from the integers 14 and 19 
respectively These \^ues for together with the perantages foimd, lead 
to a minimum molecular weight for chymotiypsinogen of either (a) 36,600 
with 17 atoms of sulfur and 3 and 14 residues, respective!} of methionine and 
of half-cystine + c}'steme or (b) 49,400 with 23 atoms of sulfur and 4 and 19 


TABLE m 

Tyniint and Tryphpkant in Ciymctrypsinagen 



Tyndae 

Tiyptophtot 

Staple 

Hyd rolyila with 

Hydjolydswltli 


NtOn 

NtOH-SaOi 

KtOH 

NtOH-SfiCb 

mt 

>cr unt 

ftretni 

unJ 

ftr end 

2Q 9 

2 92 


5 09 


21 5 


2 97 


5 29 

30 0 

2 99 


4 88 


30 9 ' 


2 84 


5 36 

3S 4 

2 82 


4 96 


39 8 


2 84 


S 54 

Total used for anal>iis 181 

Average 2 90 

[Average 4 98] 

Average 5 40 

Corrected* 

2 96 


5 51 


* For content 1 94 per cent 


residues, respectively, of methiomne and half-c}’Btine 4- cysteme The dea 
non between (a) and (6) can under favorable conditions be made on the basis 
of equation (4) The per cent of c^itteme is di\uded by that found for 
cystme and converted mto a senes of simple fractions (Table H) Within 
the openraental error the smallest possible* set of figures, is 4/10 which is in 
agreement with (o) This \’alue (36 600) is the actual molecular weight of 
chymotrypsinogea, sma Kunitx and Northrop (1) have found by osmotic 
pressure measurements a molecular weight of 36 000 

We have recentlv (11) described a micro method for the photometnc deter 
mination of tryptophane t}T03ine, duodo-tryosine, and th}TOxine m protein 
hydrolysates (based on procedures developed by Lugg (12) from the Folin 
Ciocalteu (13) method) In the course of the determination t}TOSme is quanta 

* The number of half-cystme residues should be an even integer this eliminates 
2/5 from consideration. 
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tatively separated from tryptophane, which is isolated as an insoluble mercury 
compound The Millon reaction is used for the photometnc determmation of 
both ammo acids, correction factors were established to compensate for destruc- 
tion dunng hydrol}^sis Hydrolysis is carried out in sealed tubes with both 
NaOH and NaOH — SnClo Tyrosine destruction is about 1 5 per cent greater 
m NaOH than in NaOH — SnClj hydrolysates Using such a correction the 
same results for the t}Tosine content of egg albumin, fibnn, and lactalbumin 
are obtained with both methods of hydrolysis (11) It can be seen from 
Table IH that this holds also for the tjTOsine in chymotrypsinogen The 
tjTTOsine content of chymotrypsinogen is 2 96 per cent (Table HI), that is 6 
tyrosine residues per mol (Table 

TABLE rV 


Compostiton and Molecular Weight of Chymotrypsinogen 


Constituent 

(1) 

Per cent 

(2) 

No of 
residues 

(3) 

Aloleculnr weight 

(4) 

Percentages 
cniculated for 
irW = 36,700 
(S) 

Deviation 

(5) - (2) 

Methiorune 

1 22 


36,600 

1 22 

0 00 

Half-cystme (SH + SS) 

4 59 


36,600 

4 58 

+0 01 

Protem sulfur 

1 484 



1 484 

0 00 

Tyrosme 

2 96 



2 96 

0 00 

Tryptophane 

5 51 

10 

37,000 

5 56 

-0 OS 

.. 




Average 36,700 



Cysteme 

1 29 

4 


1 31 

-0 02 

Half-cystme [CyS — 

3 30 



3 27 

-1-0 03 


In the case of tryptophane the destruction of the pure amino acid by NaOH 
{cf 11) IS much greater (7 per cent) than by NaOH — SnClz (2 per cent) How- 
ever, in proteins such as egg albumin, fibnn, globin, and thyroglobuhn, we find 
that the tryptophane is more stable towards alkah, so that the same results are 
obtamed both after alkahne and alkahne-stanmte hydrolysis From Table IH 
it can be seen that chymotrypsinogen differs from these proteins, being about 
9 per cent lower in tryptophane by alkahne hydrolysis without stamute The 
results with alkahne-stanmte hydrolysis indicate a tryptophane content of 
5 51 per cent or 10 residues per mol (Table IV) Chymotrypsmogen has the 
highest tryptophane content of any protem so far on record ® 

The expenmental data are summarized m Table IV The molecular weights 
calculated from the deterrmnations of the individual constituents (accordmg 
to equation (1)) are given m column (4) The molecular weight of chymo- 

2 This high tryptophane content had already been found by Kumtz (personal com- 
murucation) Our unpublished e-periments indicate that the tryptophane content 
of beta and gamma chymotrypsm is still higher 
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■trypsmogen obtained from these detenmnations is 36,700 The deviations 
irom the mean are 100 (or 0^ per cent) for the sulfur ammo aads and 300 
(or 0 9 per cent) for tryptophane A detailed discussion of the data and their 
impUcations regarding the structure of the chjmiotrypsmogen molecule will 
be postponed until similar data have been obtained for alpha, beta, and 
^mma chymotrypsim 

Chymotrypsmogen has no reactive SH groups, since we find that the nitro- 
pnisside test is negative m the presence of ammonia Nevertheless hydrolysis 
with HCl yields 4 cvsteine groups per moL The appearance of these Cy — SH 
groups on hydrolysis may be due to one of the following possibihties 

(a) The Cy — SH groups are actually present m the native protein, but 
unreactive (this would also include hydrogen bonds and salt bndges) 

(b) They are not present m the natlxT protein, the sulfhydryl hydrogen of 
the cysteine being substituted for by V On HQ hydrolysis Cy-5A groups 
yield cysteme according to equation (6) 

CyS— X + HOH - CySH + X— OH (6) 

The question whether there are Cy^SH or Cy — SX groups present in nati\e 
•chymotrypsiDOgen remains unsolved.^ It is hoped that eipenments on dena 
tured chymotiypsmogen with porphynndm along the Unes developed by us 
for egg albumm (14) or by the technique of Anson (15 16) will shed hgfat on 
this question 

It IS generally recognized that some un«rtamty is attached to all ammo 
aad determinations, since they are earned out in hydrolysates The study 
of the behavior of the free ammo aads under varying conditions of hydrolysis 
(cf 5, 11) and the establishment of correction factors overcomes this difficulty 
to some extent There always remains the possibAity that m a specific protein 
structure an ammo aad is unusually labile and subject to mcrcascd hydrolytic 
destruction and other reactions Examples are the sensitivity of the cystme m 
the in?ni1in molecule towards HI hydrolysis, whereas it is quite stable durmg 
HQ hydrolysis (17) , also the greater destruction of tryptophane m chymotryp- 
■smogen during alkaline hydrolysis as compared to alkaline stannite hydrolysis 
(cf Table TTT ) However m the case of the sulfur ammo aads and of the 
lodoammo aads the analysis of hydrolysates may yield uneqmvocal evidence 
If — as m chymotrypsinogen — the protein sulfur, determined by elementary 
analysis, is fully accounted for by methiomne and cystme + cysteme m hj’dro- 
lysates then we have conclusive evidence that the amount of these ammo 
aads actually present m the protem has been determined- 

* It should be recognized that the appearant* not only of Cy — SH groups but of SH 
groups in general may be due to (o) activation of free SH groups, (5) hydrolysis of 
S — groups (equation 6) and (c) hydrolysis of S — S groups (S — S + HOH — SH + 

S — OH) This win be discussed elsewhere. 
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As IS apparent from its method of preparation and from some of its proper- 
ties, the crj'staUine chjmiotiypsinogen of Kunitz and Northrop is a protein 
of exceptional homogeneit}^ punty, and stability The excellent agreement 
of the data in Table IV is pnmanly due to this fact On the other hand these 
results estabhsh confidence in the accuracy and precision of the analytical 
methods developed b}’^ us TJie results of recent physical and physicochemical 
studies have clearly demonstrated the fact that native proteins are compounds 
with veil defined molecular mass and shape The earlier chemical investiga- 
tions are not ver^’’ conclusive in this respect, partly because the proteins 
analyzed vere impure, parti}' because most methods of ammo acid analysis 
lack sufiScient accurac}' and precision The results in Table supplement 
the phj’sical and physicochemical data and shou that ch3’motr)'psinogen is a 
well defined chemical entity, obe3nng the lav of multiple proportions 

Methods 

The sample of ch 3 Tnoti 3 'psmogen as obtained from Dr Kumtz, had been 7 tunes 
recr 3 'stallized, diab'zed, and then dried vi vaaio and CO 2 snov It was equihbrated 
m air for 2 da 3 's, the change m weight was insignificant (0 1 per cent) The air-dned 
material was used for all anal 3 'tical procedures, the weights bemg corrected for 
moisture content 

Moisture Deientituaho]! — 53 185 mg were dried tn vacuo over P2O5 at lOO'C to 
constant weight (4 hours) , loss 3 544 mg = 6 66 per cent of moisture A second 
sample of 57 144 mg lost 3 698 mg = 6 47 per cent Average moisture content = 
6 57 per cent 

Deicnnuiation of Total Sulfur — We are mdebted to IMr ^^^m Saschek for these 
determinations, earned out b}' an adaptation of the Pregl method (6, 9) The result 
reported m Table n (2 07 per cent) is the aierage of tvo determmations, 27 08 mg 
and 27 09 mg of cbjunoti^qismogen 3 uelded 4 04 mg and 4 09 mg of BaSOj, respec- 
tavel}', = 2 05 and 2 09 per cent of sulfur, respectively There was no ash 

Micro Gravimetric Determination of Sulfate S — This determination was earned out 
as desenbed previousl}^ (5) 101 54 mg of chymotrypsmogen were h 3 'drol 3 'zed under 

CO 2 with 5 cc of 6 N HCl for 6 hours in an oil bath at 130‘’C 4 710 mg of BaSOi 

were ob tamed, sulfate S = 0 64 per cent {<f Table I) 

A test with Nessler’s reagent for free ammoma was practically negative, mdicatmg 
that the sulfate was probabl}' combmed with basic groups and not present as ammo- 
mum sulfate The average content of sulfate S (0 62 per cent, cf Table I) corresponds 
to 1 94 per cent of SO^ The average lalues of the mdividual determinations were 
corrected accordmgl)' (if Table 

Determination of Total Nitrogen — We are mdebted to ilr Wm Saschek for these 
detennmations b}' the rmcro-Dumas (Pregl) method 3 639 mg and 3 192 mg gave 
15 S3 and 15 90 per cent of mtrogen respectively 

The mtrogen content of our sample of ch 3 Tnotrypsmogen, corrected for sulfate 
(1 94 per cent) is 16 IS per cent 
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Kunitz and Northrop (1) reported IS^ per cent of nitrogen for chymotrypslnogen. 
Their preparation contained about 0 44 per cent of sulfate S equal to 1^7 per cent 
of sulfate (calculated on the basis of the protein sulfur in IhhJe H), since th^ find a 
total sulfur of 1 9 per cent Corrected for sulfate, the total nitrogen is 16 03 per cent 

The values 16 18 and 16 03 per cent for the nitrogen content of chyinotrypsinogen 
are in reasonable agreement The establishment of a more accurate value iw>Tn< 
highly desirable and is of considerable importance for the interpretation of the con- 
version of chymotrypsinogen mto alpha, beta and gwmma chymotrypsm (2) 

El Eydrolysu — ^Thc determinations of methionine, of ^tine + cysteine, and of 
sulfate S were earned out as described previously (5) and are reported in Table I 
((a) and (b)} After removal of the HI, the d^est had a yeHcm' color Methyl 
mercaptan was determined in the HgCls absorber, no unusual amounts were found 
(t/ 5) This indicates that the decomposition of the mcthiomne In chymotrypsmogen 
by HI is similar to that observed with methionine and with other proteins (5) For 
mation of methyl mercaptan fttxm methyl iodide and H>S {cf 5) did not tale place to 
any appreciable extent, amce the values for sulfate S, determined iodomctricaHy (as 
^S) and gravimetrically, were the same within the limits of error (i/ 5) 

ECl Eydrolyns — 188 J mg were h>'drolyxed for 8 hours in a bath of 130*C with 
8 cc. of 6 N HCl in a current of COj The hydrolysate was brown and contained a 
very small amount of solid, add insoluble humin. In half of this hydrolysate cysUne 
and cysteme were determined separately by the pbotoroetric method (3) 1 11 per 

cent of cysteine and 3 J4 per cent of cystbe were found (<^ Table I (c)) The other 
half was used for a cystine determination by the Sullivan method (^ 3, 6) we found 
5X)5 per cent of cystine ’ As pointed out m previous pubbeations (3, 6) the Sullivan 
metl^ does not difierentiate between (ysteme and (TStine and gives high results If a 
hydrolysate contains both cysteme and cystine We have rg>eatedly found (3, 6) 
that cysteme gives about 50 per cent mcffe color than cystine. Therefore we would 
expect on the basis of our photometric dctcrmnutiOD to find about 5 per cent of 
* cystine” by the Suflivau method This checks the value obtamed above by the 
SuHivan method (5 05 per cent) and is additional evidence that the difference between 
protein S and methionine S is accounted for by cystine and cysteine and not by any 
other sulfur-containing compound. 

For the hydrolysis with HQ m the presena tA urea 91 4 mg of chymotrypsmogen 
were hydrolyzed m a current of COj for 8 hours in a bath of 130*C with 5 cc. of water 
+ 2 gm. of pure urea + 11 cc of concentrated Bd After 8 hours the hydrolysate 
had a slight, pale yellowiah color but had remained perfectly dear The results are 
reported in Table I (d) This method of hydrdyns should be generally useful to 
avoid or minlmti# humln formation 

JOeiertmntUufn of Tyrosvie and Tryptophane — This method was described previously 
(11) The protein was so bulky that m the tubes used for hydrolysis somewhat more 
than 1 cc of air had to be scaled In. The NaOH — SnQj hydrolysates were colorless , 
while the NaOH hydrolysates were distinctly yellow The extmctkai coefficient of the 
yellow color in NaOH hydrolysates was detennmed as described (H) The correction 
was uniform for different hydrolysates and amounted to 0 04 per cent of tryptophane 
The results are given m Table ITT. 
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Intermedin is freely soluble in water and is carried throughout a given animal 
in its blood and lymph In consequence the action of this agent is general 
and rapid and may take place m a catfish in a feu minutes This and other 
hke neurohumors have been designated in general as hydrohumors (Parker, 
1935) Caudal bands in catfishes blanch or darken only very slowly Ac- 
cording to Abramowitz (1936) a single dark caudal band composed of only one 
ray wdl blanch in a pale fish in some 3 days One composed of three rays 
becomes pale under like circumstances m about 10 days So slow a process 
as this cannot depend upon aqueous solution solely It has been suggested 
that the neurohumor concerned with blanclnng, adrenalin, spreads by diffusion 
not through the aqueous constituents of the tissues but through their fatty or 
hpoid components (Parker, 1933) The same is true of the nervous darkening 
agent, acetylchohne Because of them relation to fatty materials these two 
neurohumors and others hke them have been called hpohumors Both 
adrenahn and acetylchohne, however, are also soluble in water Hence 
they may under other circumstance act as hydrohumors Experimental tests 
show that as hydrohumors, t c when these substances are dissolved in water, 
they qmckly excite the whole melanophore system, but as hpohumors and in 
oil they are locally restricted and relatively slow in action The responses of 
melanophores to mixtures of adrenahn or of acetylchohne in oil are of first 
importance m the present research 

2 Adrenahn 

The adrenahn used in these experiments was the whitish powder manufactured by 
Parke, Davis, and Company and dispensed by them as such For the purposes of 
these tests this powder was further tnturated m a mortar, and then mixed with oil to 
a known dilution Peanut oil, sesame oil, and Italian olive oil were tned Ohve oil 
because of its fluidity and mertness toward the fishes was finally used exclusively 
Known weights of finely pulverized adrenahn were ground further with definite 
volumes of olive oil and agitated for a day or so The strongest mixture was 0 1 gm 
of adrenahn m 10 cc of oil which was conveniently designated as one part m a hun- 
dred From this mixture further dilutions vere made to the weakest, one part of 
adrenahn m 100,000,000 parts of oil All mixtures from 1 100 to 1 10,000 mclusive 
showed cloudmess After these mixtures had been standing a day or so there was a 
varymg amount of sediment on the bottom of their glass containers hlixtures from 
1 100,000 to 1 100,000,000 were mdistinguishable m clearness from pure ohve oil 
The mixture 1 100,000 after filtration through good filter paper and after havmg been 
decanted was found still to be active m concentrating melanophore pigment It is 
therefore probable that adrenahn is more or less soluble m commercial ofiive oil The 
stronger concentrations of adrenahn injected mto the fishes were m all probabfiities 
saturated solutions of this agent m oil with a certain amount of the neurohumor m 
suspension 

WTien 0 1 cc of a mixTure of adrenahn one part m a hundred of ohve oil is 
mjected subcutaneously into the flank of a dark catfish, a pale spot wiU appear 
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over the oil in a quarter of an hour and soon become \er> pronounced In an 
hour the whole fish v. ill have become pale and it will remam so for about a daj 
even m a black walled, jllurainatcd vessel After this the fish mil darken 
whollj except for the pale spot which will remain obvious for some 3 to 4 weeks 
when it will finall> disappear Injections of adrenalin m oil 1 1 000 to 
1 10 000,000 are all follow ed b> the formation m the fish of pale spots alxrv e the 







Fio 1 Photographic reproduction of two prepared catfishes Amtiurus nebislotus, 
the upper one pale the lower one dark On the upper flank of the pale fish at the 
front edge of its adipose fin is a dark mottling due to the dispersing action on the 
meltnophorc pigment of one part of acetylcholine in 20 parts of olive ofl injected an 
tcnorly from a point a little behind the darkened area In a corresponding position 
on the dark fish is a stnkin^y pale area irregular m outhne and due to the concen 
trating action of adrenalm one part in 1000 of oil injected anteriorly from the postenor 
edge of what subsequently became the pale area itself 

oil but without general blanching (Fig 1) Such spots may persist in the 
pn ses of the stronger mixtures for some 3 weeks and m the weaker ones for 
about 2 weeks after which they vanish Injections of 0 1 cc of adrenalm 
1 100 000 000 of oil were never followed by color changes of any kind m the 
fishes So far as change of color was concerned this nuxture w'as fully inactive 
as IS pure olive oil 

^Vhen 0 1 cc of a mixture of adrenalin 1 100 of olive oil is injected subcuta 
neously into the flank of a dark catfish a pale spot, as already stated quicU> 
appears over this oil The pigment m the melanophores of this spot as can 
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be seen under the microscope, is concentrated to the maximum degree and 
appears as a minute black dot in each color cell (Parker, 1941) Soon the 
whole fish becomes pale The formation of the pale spot and the blanching 
of the fish IS believed to be due to the escape from the oil of some of its con- 
tained adrenalin into the surrounding lymph and the transfer of this neuro- 
humor thus through I3 mph and blood to the mehnophores in general This 
operation is most effectne immednteh after an injection of oil and adrenalin 
has been made M hen the general blanching hdS begun to subside, as happens 
in a da)^ or so, it gnes wav to normal darkening and the pale spot on the flank 
of the fish IS the onh blanched area that remains The life of this spot is 
apparently dependent upon the amount of adrenalin still in the oil Enough 
of this neurohumor appears to be present in the kind of injection here described 
to cause the spot to persist in some instances for as long as 3 weeks This 
general explanation of the color changes thus artificial!)^ induced in catfishes 
IS consonant with the obser\ations that with weaker concentrations of adren- 
alin m oil no general blanching appears but onl) pale spots are to be seen and 
further that the weaker the concentration of adrenalin the shorter the life of 
such a spot The oil appears to serve as a reservoir for the adrenalin which 
mav thus gradualh escape into the surrounding tissues until this neuro- 
^ humor is exhausted An injection of a strong, aqueous solution of adrenalin 
into a catfish will blanch the fish quickU and full), but this response wall last 
only a part of a da) whereas a spot formed by adrenalin in oil may persist 
sexeral weeks This method of administering adrenalin has already found 
Its place in medicine, for physicians who wish to extend the action of this drug 
over long periods as m cases of asthma do so b\ injecting it h)podermicall) 
in oil 

3 AcctyJchoJinc 

The acetylcholine used in these tests was the chlonde, a white, finely cr)"s- 
talline salt manufactured by the Swiss firm of Hoffmann-La Roche and Com- 
pany It was kept hermetically sealed in glass tubes, 0 1 gm in a tube, and 
mixed with oil or water from day to day as needed Although injections of 
extremely dilute mixtures of acet)lchohne in Ringer’s solutions wall darken 
catfishes (0 2 cc of a mixture of one part acetjdcholine in a thousand-million 
parts of soh ent), this neurohumor in oil is similarly effective only m surpnsingly 
concentrated states Iniections of 0 1 cc of a mixture of acet3dcholine and 
olive oil 1 1,033 or 1 10,000 ha\e little or no effect upon the melanophores 
of AmciKrus Indubitable local darkening of this fish occurs only wEen the 
oil contains about 1 per cent of acetylcholine or better 5 per cent In such a 
mixture much of the acet) Ichohne is in suspension As it reaches the surface 
of the oil after the mixture of oil and neurohumor has been injected it pre- 
sumabh dissohes freely in the surrounding waten,^ fluid of the fish’s tissues 
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Tins flmd u behe\’«d to be ndb m cholinesterase which rapidly destroys the 
acet) Ichohne and thus prevents it from reaching the meknophores Hence 
only very concentrated mixtures of acetylchoUne m od give out a sufficiency 
of this agent to survive long enough in the cholinesterase envKonmcnt to reach 
and affect the color cells The probable correctness of this new is seen from 
the fact that if a cat fi sh that has received by mjection oil containing 5 per cent 
acety Ichohne is mjected further with an appropriate amount of esenne by 
which the neurohumor may be protected from the destructive cholinesterase, 
the fish will quickly darken as a whole and soon die Thus the acetylcholme 
stored and protected in the oil may spread without destruction to the melano- 
phores, darken the fish as a whole, and eventually poison it. It is Interesting 
to note that when 0 1 cc of even 1 per cent acetylcholme m oU is mjected into 
a catfish a total amount of this agent is received by the fish suffiaent to kltl 
it outright The oil, howev er, allows this lethal dose of acetylcholme to escape 
into the watery tissues of the fish only so slowly that the neurohumor is de 
stroyed by the local cholinesterase before it can exert its deadly effect. Bio- 
logically the fish may be said thus to protect itself ogamst a poison, 
acetylcholme, that is a product of its own tissues 

■ftTiea the dark spots produced on a catfish by the injection of 5 per cent 
acetylcholme in oil are eaammed under the microscope, their melanophore 
pigment !S seen to be only about half dispersed This is the charactenstic 
response of catfish melanophores to acety Ichohne It is as well marked m the 
artificial type of stimulation as under normal conditions (Parker, 1941) 
Such dark spots particularly if they have been mduetd by S per cent acetyl 
choline in oh wilt remain visible for 3 to 4 days but they never show the length 
of life of the pale spots due to adrenahn m oil, some 3 to 4 weeks 

4 iSferuge of Nmrohtwujn iff the Skin of the Catfish 

That acetjdcholm can be actually stored for some days m the skm of a 
catfish may be inferred from the following eipenraent. 

As a prchimnary step a drop of ohve oil containing 5 per cent of acetylcholine was 
mjected Into the flank, ot a catfish of intermediate tint. A quarter of an hour later 
well marled small dark areas were visible m the fish s stm over the oU (Fig 1) 
Half an hour after the first injection 0.2 cc. of adrenahn 1 100 000 of Ringer’s solo 
tion was injected into the fish This was soon followed by a genetal blanching of the 
fish Indudtng tie smaD, dart areas. The next day 20 hours after the initiai injec 
bon, the fish was palish and over the region of the oQ faint but well marked, dark 
spots were to be seen again A new injection of 03! cc. of adrenalin 1 100 000 of 
solvent was then made whereupon in a short tune the daA. spots sgam disappeared 
and the whole fish was pale Some 12 hours later the spots now very faint, reap- 
peared but in the course of the day they vanished of themselves. 
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Three fishes in all were tested m this way One of them was m all essentials 
a duphcate of that just described In the other the dark areas after having 
disappeared under adrenaline returned once but not a second time Thus 
it IS possible to obhterate the dark areas produced by acetylchohne in oil 
through tlie use of adrenalin as a h>drohumor and still have the dark areas 
return once or twice Such a return points very clearly to a storage of acetyl- 
chohne in the oil over the period during which the melanophore pigment is 
concentrated by adrenahne 

The converse expenment can be performed with adrenahn and intermedin 
If a catfish of intermediate tint with a pale spot produced on it by a small 
amount of adrenahn 1 1,000 in oil is injected with intermedin, the whole fiish 
will rapidly darken and the pale spot will disappear After about a daj'- and 
vuthout further treatment the pale spot will return, showing that the adrenahn 
IS still active and that it was only temporanly subdued Apparently for a 
few hours after the injection of the intermedin the concentration of this 
neurohumor about the melanophores of the pale spot was so great as to over- 
come the action of the adrenahn from the oil and thus to induce a temporary 
dispersion of the melanophore pigment Finallj^, with the gradual disap- 
pearance of tlie intermedin the adrenahn reasserts itself and the pale spot 
reappears Such an interplaj’' with antagomsm between neurohumors has 
already been pointed out and discussed in considenng the color changes of the 
smooth dogfish Miislelus (Parker, 1937) 

In the catfish tins tj^pe of alternating change m color where blanchmg from 
adrenahn in oil is temporani)'’ obhterated by intermedin can be repeated a 
number of times In one fish of intermediate tint in w'hich a pale spot had 
been produced by the injection of 0 1 cc of adrenahn 1 10,000 of oil this spot 
in the course of o da3rs w'as made to disappear b}’’ injections of aqueous inter- 
medin and then reappeared of itself no feiver than seven times Such an 
instance demonstrates the great effectiveness of the protection given by the 
oil to the adrenahn and the considerable length of time over w^hich this pro- 
tection maj^ extend 

Artifiaal protection of adrenahn by oil such as has been descnbed supports 
the \new that persistence of the pale phase shown m the first few darkemngs 
of catfish previousl}’' kept blanched for a considerable time in a white en- 
vironment is due to a storage of the blanching agent, doubtless adrenahn, 
before its final disappearance The gradual shortemng of the pale penods may 
be taken as a measure of the exhaustion of this reseix^e of adrenahn A similar 
tjqie of response appears to be true of acetylchohne 

It is well known that the nen^e terminals for melanophores are not in the 
least hke those of muscle fibers In place of the one or at most a few nen^e 
fiber branches to a muscle fiber scores of nerve terminals surround each melano- 
phore Some of these must be concentrating, others dispersing A number 
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of these tenninala are applied to the melanophore but others end some distance 
from iL Such an arrangement agrees well with what has been said about 
melanophore activationu In those instances where a nerve ter minal 13 m 
direct contact with a color cell the activating neurohumor ma> pass directly 
from the terminal to the cell, but m the others where the branches of the nerve 
fibers end at some distance from the cell the discharge of the neurohumor may 
well be mto the tissue hpoids from which the neurohumor may then by 
way of the pencellular Ijonph to the melanophore This course is the one m 
which as a result of the interpolation of the hpoid stage neurohumoral storage 
may occur Thus m this instance the oinditions ore present for inducing 
retardation in the first few responses m a melanophore which for a relatively 
long time has been held in a color phase opposite to that toward which it is 
moving 

SGUUARY 

1 Adrenalm when miad with obve oil 1 100 and injected subcutaneously 
mto a catfish will produce a mailed pale spot and a general blanching of the 
whole fish The general blanching will disappear m about a day The pale 
spot may last 3 to 4 weeks 

2, Injections of adrenalin in oil 1 1000 to 1 10,000,000 cause the formation 
of only pale spots m catfishes Adreoalin m oil 1 100,000 000 has no effect 
on the fish's color 

3 Acetylcholine, though ordinarify more porverful than adrenalin when 
mixed with oil is effectrve only in high concentrations 1 20 to 1 100 It 
then produces clusters of moderately dark spots 

4 The paie spot on a catfish due to adrenaim in oil may be temporaniy 
obhterated by mtermedm It win return of itself, and this process may be 
repeated a number of times The same is true of the dark spots produced by 
acetylcholine in oil when subjected to adrenalin These observations mdicate 
the subcutaneous storage of both adrenalm and acctydcholme m oil 

5 In the natural color changes in catfishes the nervous ncurohumors, 
probably also adrenalm and acetylcholine, appear both to be stored in the 
fish’s lipoids and to serve thus as a means of lenghthenmg the times of initial 
color responses till these stores of neorohumore are exhausted 
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INACTIVATION OF PEPSIN BY IODINE 
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In a previous paper (Hemott, 1937) evidence was presented to show that 
iodine reacts with the tyrosine of pepsin and causes inactivation of the enzyme 
After complete lodmation and inactivatjon over 80 per cent of the iodine was 
recovered as di-iodotyrosme. Philpot and Small (1939) found that a small 
amount of iodine caused some mactivation of pepsin without any measurable 
drop m Folm s colonmetnc tyrosine test and suggested therefore, that some 
group other than tyroame was involved In the present work small amounts 
of lodme were mtroduced mto the pepsin molecule and 65 p)er cent of this lodme 
^*as subsequently identified as I mono-iodotyrosine No evidence was ob- 
tained for any other lodme compound The fact that mono-iodotyrosine has 
about 80 per cent of the molar color value of tyrosme instead of the 50 per cent 
of di lodotyrosme explaini the results of Philpot and Small 
The lodinated pepsin preparations were found to be fau-ly homogeneous as 
judged by a number of fractionation experiments Crystallization of the 
lodmated pepsm and a subsequent solubility experiment showed the material 
to be very different from pepsin and to be relatively pure The crystals were 
microscopically mdistmguishable from those of pepsm Electrophoresis failed 
to separate a mixture of pepsm and lodnmted pepsm 

lodinatwn of Pepsin 

Purified i>epsin solutions (for preparation see Expienmental Methods) v,ere 
mixed with dilute alcohohe solutions of free iodine or dilute iodine m KI at 
pH 5 0-6 0 and room temperature until the lodme disappeared from solution 
The lodme concentration had been adjusted so that there was a loss of only 
10-20 per cent of the activity and no measurable change in the blue color value 
with Folin’s phenol reagent- Half the free iodine that had disappieared from 
solution was found to be organically bound to the protem which is just what 
one would expect of a substitution reaction of iodine Oxidation by lodme 
under these conditions is therefore improbable This lodinated pepsin con 
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tamed about 0 7 per cent iodine or only 2 iodine atoms per molecule of pepsin 
This amount is onfy one-twentieth of the amount of iodine previously found 
necessary to completely inactivate and completely lodinate pepsin Iodide 



Fig 1 a Cr}'stalbne /-raono-iodotyrosine from lodinated pepsin 
h Cr}'stalJine di-iodotyrosinc from lodmated pepsin 


ion was removed by dial 3 '^sis or by washing the denatured protein precipitate on 
a funnel i\ith m/ 100 sulfuric acid 

CrystaUizahon of lodtiwted Pepsin 

Crystallization of lodinated pepsin was earned out in much the same way as 
for the original pepsin, i e precipitation b}'- titrating to pH 2 5, stirring tlie 
filter cake in one-half its volume of water at 35° C plus just enough n/2 sodium 
hydroxide to dissolve the solid, then stirring and cooling slowly 
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The resulting crystals were mdistinguishablc under the microscope from 
ordmarv pepsin crystals Onl> one preparation ^^as crystallized No other 
attempts were made since there was no mdication of any change in properties 
by crystallization 


Tests of Punty 

It ^vas thought important to determine w helher the lodinated pepsin prepara 
tions were reaction muxtures of several proteins of varying iodine content or if 
the material \vas fairly homogeneous. This would have some bearing on the 
question as to the amount of iodine necessary to inactivate a pepsin molecule, 

TABLE I 


FncihnaJion Exp^mtnlx 


SoBiple 

No 

Ifitmtltutd Ptocnlarc 

2; 

a. 

D 

b 

lodlae 




]kr ctnJ 

1 

Original pepsin 

0 32 


2 

No 1 after lodUiatlon* 

0 23 

1 4 

3 

A fraction of No 2 inwluble In 0 5 sat MgS 04 0 05 u pH 




4 6 acetate bufTcr 

0 22 


4 

First co’Stal* of No 2 

0 23 

1 4 

5 

Mother liquor from first co'stab 

0 22 

1 3 

6 

Fraction of No 4 soluble In 0J2S u NajS 04 pH 4 0 

0 21 

1 45 

7 

Fraction of No 4 that did not dissolve In aliquot of 0J5 ii 




NqsS 04 — pH 4 0 used in No 6 j 

0 21 

1 0 


• More kxllnc was added to tWs partiaitar preparaUon than to the other* which account* 
for it* higher iodine content and iower specific activity (P U 


lodmated i>epsm preparations were therefore subjected to vanous fractionating 
tests and the various fractions analyzed 
It 13 apparent from the results in Table I and Fig 3 that the preparations are 
relatively homogeneous and do not consist of an inactive lodinated protein 
mixed with some of the origuml pepsin It is likely then that the lodme dis- 
tributes itself fairl> evenly among all the protein molecules 
EJcdropliorcsis — Electrophoresis of a solution of the crystalline lodmated 
pepsin m the Tisehus cell (kindly analyzed b> Dr Alexandre Rothen) at pH 4 4 
revealed that there was only one moving boundary However when this same 
material was mixed with equal amounts of pure pepsin the mixture also showed 
only a single sharp boundary both before reversing the current and aftenrards 
(Fig 2) This was done at only one pH and it is possible that at some other 
pH they could be separated The mobilities were as follows for the ascending 
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boundary of the lodmated pepsin SIX KT* and the descending boundary 
7 8 X 10^ In the miiture of lodinated pqwin and pqjsin the ascending 
boundary was 7^ X whfle the des<»iding boundary was 7^ X 1Q~*, all 
values being expressed in cniVvolt/Bec. 

Solubility Cum — A solubility curve of the crystalline pepsin is shown m 
Fig 3 In the solvent used, 0 25 ic sodium sulfate pH 4 0, crystallme pepsin 
IS at least 20 times as soluble as the crystals of lodmated pqwim The two pro- 
teins can therefore easily be distinguished The curve m Fig 3 is not that of an 
ideal substance but it shows no great degree of mhomogeneity The pomts 
marked O and □ are values determmed and calculated when some pepsin was 
added to the solvent before addmg the crystalline lod mated pepsm- The value 
□ was expected only if the solubilities of the two proteins were mdependent of 
each other, , they form a mixture Smee the value fell considerably below 
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exp^tdd if seliibilxiits tcvrtf additivt^ 

*>~Rnmd whsn. axjmgl^eprtn'Naddtd to ike 
solvent hejors lodel^rpeijt. 


2.0 


2.5 


0 as a 4 0 6 08 to 

Mf 

Fio 3 SohiblUty of crystals of iodinated pepsn m 0.25 u NajSOi pH 4.0 at 23®C. 


the exjiected, it may be concluded that the lodinated pepsm forms sohd solu 
tions with ordinary pepsm 

The solubflity of lodmated pepsm will probably decrease as more iodine is 
mtroduced mto the molecule, 

I 

IsMxon qfUMono-Iodotyrostne frtrm lodutaied Pepstn 
The experimental procedure for the isolation of pepsin and subsequent Isola 
tion of I mono-iodotyrosme is shown in Table IL Fig 1 a shows the ap- 
pearance of the crystallme 1 mono-iodotyrosme. In one preparation a small 
amount of di-iodotyrosine was also aystallized out (Fig 1 b) 

As may be Been m Table H, solution No 13, contains 65 per cent of the 
ongmal iodine. This was successively extracted with butyl alcohol until over 
80 per cent of the total iodine had been extracted. The fraction extracted by 
each ahquot of butyl alcohol was reasonably constant over the whole range as 
may be seen m Fig 4 Under similar conditions the fraction of di lodotyrosine 

extracted is 50 per cent instead of the 20 per cent, as shown in Fig 4 Itconld 




TABLE n 


Isolaitot; of UM oito-Tyrostne from lodtnated Pepsin 


Materials and procedures 

No 

Vol 

Total 

Total 

Phenol' 

' It 

Phenol t 

N 

I 

I 

N 

N 



ml 

m 

m 




Dialyzed purified pepsin solution, pH 
53 

No 1 + (20 ml 4 m NaAc to pH 5 7 + 

1 

1075 

5700 





5 5 ml n/ 1 alcoholic iodine) slonly at 
15°C Allowed to stand until color- 
less The specific activity had 
dropped 11 per cent 

2 

1100 






No 2 -f 5 ml 5 N NaOH to pH 7 0, 








warmed to 60°C for 5 min then -f- 50 
ml 5 NH 2 SO 4 and filtered and washed 
twice wnth 100 ml of m/100 H 2 SO 4 
Residue dissolved in NaOH + H 2 O 

3 

500 

5650 

300 




No 3 -h 200 gm Ba(OH )2 diystals and 








refluxed 20 hrs , then cooled and left 
50 hrs at 5°C Filtered and residue 
washed Filtrate 

1 

4 

650 


310 




No 4heated to 90°C then -f- 115ml 5 n 








H 2 SO 4 with stirring to pH 3 5 and 
aerated for 1 hr to remove H 2 S 200 
ml m /1 PbAc 2 added and solution 
filtered and residue washed three times 
with 80 ml each of n /10 acetic aad 
Filtrate and washings 

i 

5 

1 

1300 


307 


1 


No 5 -f 85 ml 5 N NaOH pH 8 5, let 








stand, filter, and a ash on funnel 
Filtrate and washmgs 

6F 

1 

1400 

1 

1 

56 




Preapitate 

No 6P stirred with ddute acetic aad to 

6P 

1 

1 






pH 4 0, then 4- HCl to pH 2 0, filter 
Filtrate diluted to 1 hter, preapitate 
appeared which was filtered o5 and 
discarded Filtrate (pH 4 3) Ti- 
trated to pH 8 0 and filtered 
Filtrate 

7F 

1000 


16 




Preapitate 

No 7P -f- dilute acetic aad to pH 4 0 

7P 







Filtered 

Fdtrate 

8F 







Preapitate 

No 8P -t- HCl to dissolve, then -f- NaAc 

8P 







to pH 4 0, filter Fdtrate 

No 8F + alLah to pH 8 0, filter and 

9F 

1 

50 

4 5 

24 

1 15 

5 3 

6 2 

wash residue Fdtrate -f washmgs 

lOF 

500 


10 




Preapitate 

lOP 







No lOP -P H 2 SO 4 to pH 3 0, filtered 








and washed with H 2 O 

Fdtrate -f washmgs 

IIF 

85 

23 5 

150 

1 4 

6 5 

9 1 

Preapitate 

HP 








190 



TABLE n — Conitnued 


Uktcrltli ud proctdons 

: No 

Vol 

Totil 

N 

Total 

I 

Pbenol 

I 

li 

N 

Fkcsclt 



mJ 


"r 




No IIP grotmd m morUr vdth n/20 
H 1 SO 4 filtered Flltnite 

No 9F + No. IIF + No 12 con 

12 

42 

7 1 

29 

1 6 

4 0 

6 2 

centnded in vacuo 

No 13 dlhited to 100 mL with dilate 

!13 

S4 ' 

33 5 

193 

1 5 

5 75 

8 S 

HtS 04 pH then + SO nJL butyl 

alcohol fatoratcd with water and 
shaken 3 min. In ftepaiatory fonncL 
Separate. Butyl alcohol layer 

14A 

38 5 


49 

1 6 

6 6 

10 5 

Water layer 

14W 

111 0 


145 




No 14W 4* 3S ml butyl alcohol aatu 








rated with HjO ahaken, and aeparated. 

ISA 

38 


39 





ISW 

111 


106 




No ISW + 38 ml butyl alcohol aatu- 








rated with HiO ahaken, and eepaiited 

16A 

38 


23 




1 

16W 

no 


83 




No 16W + 38 ml butyl alcohol aatu 








rated ^thHjO ahaken and aeparated. 

I7A 

38 


17 5 

1 2 

7 4 

8 9 


17W 

108 


66 




No 17W + 38 ml butyl alcohol situ 








rated with HfO shaken and separated. 

laA 

38 


13 7 





ISW 

101 


52 , 




No. ISW + 38 ml butyl alcohol aatu ' 








rated with HsO shaken and separated. 

I9A 

39 


10 





19W 

103 


43 




No 19W + 38 ml butyl alcohol aatu 








rated with HtO shaken and separated-' 

20A 

39 







20W 

102 1 






No 20W + J8 ml. batyl ikohol Mtn 








rated with HjO shaken and separated- 

2IA 

39 


6 8 

1 1 ^ 

1 6 8 

j 10 0 


21W 

101 j 


28 6 

2 7 

1 2 1 

1 5 7 

Ah of the bctyl alcohol soktioiu from 







1 

14A-21A collected and evaporated in 
vacuo to so ml This was then ex 
tracted with 25 ml saturated 
Ba(OH)s solution + 25 ml water 
AlfcsS water layer 

1 22 

48 


120 




No 22 + HiSOj to pH 3 0 filter end 








wash residue evaporate to 10 ml then 
+ 5 N NaOH to pH 3 J let stand at 
5^C. a Tran brown precipitate came 
out, was caitnfuged off and dis- 
carded. Titrate supemaUnt to pH 

5 7 and let staml Rosettes of 
dismond-thaped platelets appeared. 
Place In shallow dish and evaporate 
to ml cool, filter 

Filtrate 4* washings 

1 23F 

1 5 


22 S 




CryatalEnc preapitate 

23F 










191 
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INACTIVATION OF PJEPSIN BY IODINE H 


TABLE n — Concluded 


ilatcrinls and procedures 

No 

Vol 

Total 

N 

Total 

Phenol' 

If 

Phenol t 

I 

I 

N 

N 



ml 

ms 

mt 




No 23P dissolved 

No 21W -f vanous residues + 

24 

12 5 

9 

88 

1 0 

10 0 

9 6 

washmgs 

No 25 extracted twice with 50 ml 

25 

22 


57 




butj I alcohol 

26A 

115 


55 




1 

26\V 

15 


2 




No 26A extracted with Ba(OH) 2 , acidify 1 








water layer with H 2 SO 4 , centrifuge, 
supernatant -f- 23F evaporated down | 
Diamond platelets agam formed, 
Filter and w ash residue once 

Filtrate 

1 

1 

27F 

5 5 

1 

1 

25 

1 

2 7 

1 

2 8 

7 6 

Crj'stals dissolved 

28P 

1 9 3 


37 

1 8 

6 

10 8 

No 24 + No 28P 

No 29 reciystallixed 

29 

1 


125 




Crystals dissolved 

30P 

9 

10 

100 

1 13 

9 

10 

Mother hquor 

30F 

6 5 

8 

30 

1 9 

4 1 

7 7 


* This ratio is number of nuUigrams of tyrosine that give the equivalent color with Folin’s 
phenol reagent divided by the number of roilhgrains of iodine 

t This ratio is the number of milhgrams of iodine of a sample divided by the number of 
milligrams of mtrogen 

f This ratio is the same equivalent color as in the first footnote (*) but divided by the 
number of milhgrams of mtrogen 

be concluded from this distribution experiment, therefore, that the lodme-con- 
taming component was probably not di-iodotyrosme and that the component 
was fairly homogeneous with respect to lodme, t e , there was only one lodme 
component It should be pomted out that the analyses of the fraction m the 
first butyl alcohol extract, 14A of Table n, are practically the same as the 
anal 3 fses of the last extract, 21 A This is additional evidence regardmg the 
homogeneity of this material In Fig 4 the ordmate scale spacmg is log- 
arithmic 

Although only 42 per cent of the ongmal lodme was obtamed as ciystaUme 
mono-iodotyrosme, the distribution or extraction experiment makes it highly 
probably that over 65 per cent of the ongmal lodme was present as lodmated 
tyrosme 

The details of the distnbution experiment are given m Table H but a few comments 
are appropriate Butyl alcohol and water have an appreciable solubihty m each 
other Therefore for constancy of volume it is necessary to saturate each with the 
other In Table 11, No 14 of the water solution was not imtially saturated with 
butyl alcohol but after the first extracbon with 50 ml of butyl alcohol the butyl 
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aJcohol vohmie decreased to ml and tiie difference was the volume of butyJ aJcohol 
necessary to saturate the water layer To simplify the problem, tlieiefore, in the 
second and succeeding extractions 38 mL of butyl alcohol saturated with water was 
used- By doing this the volumes remamed constant 



Flo 4 Distribution of iodine components between butvl alcohol and water at pH 
3 0 and 25*C on successive extractions- 


Identificatujn and Properttes of UMono-Iodotyrosxne 
Mono-iodotyrosme was isolated only recently by Ludwig and MuUenbedier 
(1939) from lodmated casern They measured very few properties but state 
that, as compared to di lodotyrosme the mono- derivative had the same crys- 
tallme appearance, was more soluble m water, bad the same melting pomt, and 
of course, differed primarily m its iodine content 
Table IH shows the results we have obtamed compared to those of di 
lodotyrosme- On one occasion the mono- derivative crystallixed out with 
rounded edges appearing somewhat HLe the whetstones of di lodotyrosine but 
most of the time they appeared as sharply formed diamond platelets as shown 
in Fig 1 a or rosettes of these platelets- 
The lodme and mtrogen values obtamed arc slightly different from those re- 
ported by Ludwig and MuUenbecher but they found one molecule of water of 
crystallization m their product- Smee our product was dried at 70“C lu cocuo 
this water was presur^ly dnven off, thus accounting for the discrepancy 
Our values agree quite closely to the theoretical percentages of an anhydrous 
material 

In view of the fact that Ludwig and MuUenbecher had also obtained thy 
roime from lodinated casein it was thought that possibly our crystalline lodme 
derivative might be related to thyroxme perhaps as an ether of one molecule of 
ordinary tyrosme and one of di lodotyrosme- Such a compound would yield 
elementary analyses (dose to those of mooo-iodotyrosme However, a molecu 
lar weight determination by the Barger vapor pressure method (1904) using 
formic aad as the solvent and di lodotyrosme as the standard showed the 
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compound to have a molecular weight m the neighborhood of 300 which rules 
out the ether possibility 

The monoiodo derivative gives a strong MiUon’s reaction so that one should 
be careful of concluding that tyrosme has not been lodmated merely from a 
positive Millon reaction even though carried out quantitatively 

TABLE m 


Propetites of Cryslalltne l-M ono-Iodotyros^ne Compared to Di-Iodotyrostne 


Property 1 

Monoiodo 

Diiodo 

CrystaUine form 

diamond platelets 

whetstones or needles 

(a]D m 4 per cent HCl at 22°C 

-8 8 

-2 9* 

Solubility in water in mg /ml 

4 

0 8 

Melting or decomposition point 

201°C corrected 

195°C corrected 

Phenol color value/iodine, ratiof 

1 1 

0 3 

Phenol color value/nitrogen, ratiof 

10 0 

6 2 

lodine/nitrogen, ratiof 

9 0 

18 0 

Reaction to MiUon’s reagent 

Nitrous acid color test for ortho-iodo- 

+ 

“* 

benzene denvativesf 

-h 

+ 

Per cent iodine 

42 0 found § 

41 5 calculated 


Per cent nitrogen 

4 5 found§ 

4 55 calculated 



* Value from Abderhalden (1923) 
t These ratios are explained in the footnotes of Table n 
t Kendall and Osterberg (1919) 

§ The sample used for these analyses was dned 15 hours at j» vacuo 

EXPERIMENTAL METHODS 

The extraction procedure consists of agitation by hand m a separatory funnel for 
3 minutes at room temperature after which the solutions are allowed to separate and 
each layer drawn off and analyzed for total iodine The pH of the water solution was 
adjusted at the start to between pH 2 3 and pH 3 3 with sulfunc acid 

Preparalton of Pepsin — The pepsm used through out this work was prepared 
accordmg to Table VI of a previous pubhcation (Hemott, Desreux, and Northrop, 
1940) The protem m the filtrate No 4 of that table was preapitated by addition of 
250 gm of sohd MgSO* 7 H 2 O for every hter of filtrate The precipitate was filtered 
off and dialyzed in cellophane bags against tap water overnight 

Deierminaltoii of Nitrogen — This estimation was described by Northrop and Kunitz 
(1932) Instead of distdhng into hydrochlonc aad as previously done, a 4 per cent 
bone acid solution with brom cresol green indicator is used Only one titration is 
requmed and this is ivith n/ 70 hydrochlonc aad This change was brought to the 
water’s attention by Dr Bacon F Chow 

Determination of Iodine — ^A modification of the method of Kendall, as previously 

desenbed by Hemott (1937) was used 
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Ddcrrrwtaiton of Phenol Color — 1 ml. of a solution of material which would yield 
about the Bame intensity of bhie color as 0 mg of tyrosine was put mto a 50 ml. 
Ilrlenmejcr flask, 8 ml of 0^ n sodium hydroxide was added, fetOowed by 3 mi of a 
1/3 dilution of Folk’s phenol reagent prepared according to Folk and Ciocalteu 
(1927) The phenol reagent was added dropwisc with stimng and the color read 
after 10 minutes against a tjTOsme standard treated m the same way or a cahbrated 
blue giass. When the unknown contains a high concentration of buffering material 
more alkali is required. 

Pepitc Adtvtiy Afeantremenls — ^The hemoglobk activity method was that of 
Anson (1938) The rennet activity method was that of Herriott (1938) 

SolubUiiy Methods — This has been discussed m detail by Hemott, Dcsreui, wnH 
Northrop (1940) 

ffUMUA^Y 

1 Pepsm solutions were lodmated at pH 5 0-6 0 until 10-20 per cent of the 
activity was lost and 1/20 (0 7 per cent) of the saturating amount of lodme had 
been mtroduced kto the protein molecule After alkaline hydrolysis 65 per 
cent of the original iodine was accounted for as mono-kdotyroske although 
only 42 per cent was isolated as a crystallme product No evidence was ob- 
tained to support the possibility that any group other than tyrosine in pepsin 
was lodkated 

2. Some of the properties of the crystalline I mono-iodotyrosme were 
determined and compared to those of dwodotyrosme 

3 One lodinated pepsm preparatiomm crystallized The crystal form was 
the same as that of the onginaJ picpsm. A solubflity curve of the crystals 
demonstrated that it was very diffcrait from pepsin and had nearly constant 
solubility 
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THE OCCURRENCE AND DISTRIBUTION OF ATROPINESTERASE, 
AND THE SPECmCTTY OF TROPINESTERASES* 

By DAVID CLICK and SCSI GLAUBACH 
{Frorn the Lahoralonts of Ike Newcrb BtiJt Israel Uospilal Newark) 
(Recci%’ed for pubbcation June 12, 1941) 

The term "tropine esterase” was first crapltjyed m a prcvioTis commumcation 
(1) for convemencc in designating the enzyme effecting the hydrolysis of atro- 
pine and related stmetures. The contracted form, tropm esterase, will be used 
henceforth since it has become customary to employ the analogous contraction, 
cholmesterase In the present mvestlgation, which mcludes a study of a 
vanety of troplne estera, the possibOity has arisen that the tropmesterase acting 
on one of the compounds may not be the same as that effective on another In 
a case of this nature, when there is reason to emphasize the particular substrate 
bemg affected, more explanatory terms such as atropmesterase or coca in esterase 
wiQ be employed m a manner similar to the use of the long established terms, 
meth>lbutyrase or tributynnase. It now appears that the term atropm 
esterase, rather than the more general, tropmesterase, would have been more 
appropriate m the previous paper (1) which was concerned exclusively with 
atropme hydrolysis. 

In the previous study the effects of enzyme and substrate concentrations, 
pH, and temperature were mvestigoted with regard to the enzymatic hydrolysis 
of atropme by rabbit serum This work has been extended m the present paper 
to mclude the occurrence and distribution of atropmesterase m the rabbit, the 
scission of atropme and homatropme by the scrum and liver of the gumea pig 
and frog, the effect of fresh egg white and yolk upon atropine, and the spea 
fiaty of tropmesterases 


t;v-p ruTMTOTAT. 

The measurcnieilti of enxyme activity were earned out by the manometric method 
employing the Warburg eppaiatus m a manner essentially the same as that already 
described (1) Corrections for non-ensymatlc hydrolyafs were made m the usual 
fashion. As employed m the present study the tropmesterase unit may be defined 
aa the quantity of cnryine required to liberate 1 c. mm . COs m 300 m in utes at 30** 
m a total volume of 4 ml m the bicarbonate-Ringer medium con t a ining a concentra 
tlon of substrate sufficient to achieve the maximum rate of hydrolysis. For studies 
of etropmc sphtting a final concentration of 0 JS per cent atropme sulfate was used 

•Aided by a grant from the Sidney C Keher Research Fund. 
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except in the speafiat} studies The tropmesterase value, employed to express the 
enxjune concentration, is defined as the number of units per 100 mg of material 
Readmgs of the manometers ivere taken every 30 minutes and the hydrol 3 ^c rate 
was obtamed from the slope of the line representmg the CCh-hberation time rela- 
etionship In cases where the gas evolution proceeded at an mitially accelerated rate 



Fig 1 H} drol 3 "sis of atropme and homatropme b\' guinea pig hver 
(X) Control experiment with hver alone 
(A) Control experiment with atropme alone 

Control experiment with homatropme alone 
(□) Action of hver on atropme (corrected for non-enajunatic hj'drolysis) 

(O) Action of hver on homatropme (corrected for non-enzjnnatic hj-^drolysis) 
Broken hues are extrapolations of hnear portions of curves Half the usual volume 
of aU constituents used (2 mL total volume) 

before attainmg hnear proportions, as m the instance of the non-enz}niiatic hydrolysis 
of atropme and homatropme (Fig 1), onl}’’ the hnear portion of the curve was em- 
plojed to determme hj^drolj^c rate However, each pomt m the non-enajmatic 
curves, whether or not it fell m the hnear portion, was subtracted from the correspond- 
mg vralue for total hydrolj’sis m order to obtam the enzjmatic gas hberatioru 

For the speofiaty studies, 1 per cent substrate concentrations were found to be 
suffiaent to insure Tna-nTniim hj droh'tic veloaties m all cases despite the differences 
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in the molecular weights of the esteiB tested All substrates were used m the fcinn 
of thar salts, and were products of Merck & Co with the exception of novatropme 
which was obtained from Campbell Products Inc 

The chohnesterase measurements were carried out in a manner similar to that 
used for tropmesterasc a final substrate concentration of 0 J75 per cent acetylchoJme 
chloride was employed nnWt otherwise stated and readings were taken every 10 
mmutes during a total reaction period ol 60 minutes. To obtam values comparable 
with those for tropmcstcrases the 60 mmute values were extrapolated to 300 minutes- 
Tissue extracts for enzyme study were prepared by gnndmg the material With 
deaned and igmted sand adding bicarbonate-Ringer solution imtil a final volume 
of 10 mL for each gram of tissue was obtained, and centnfugmg the suspension The 
supernatant fluid was decanted and used. 

For the mvestigation of troplnesterase distribution in the cells and serum of de 
fibrinated blood, 10 ml. portioas of the latter were centrifuged yielding 6 mh of serum 
and 4 mL of cells m each case In order to obtam comparable data, the 6 mL of 
scrum were diluted to 10 mL with distilled water and the cells, after being washed 
twice with physiological saline solution which was discarded each time after centn 
fn g in g were also made up to 10 mL with distilled water The serum and cell solu 
tions were farther diluted 10 times with water before use the whole defibnnated 
blood was also diluted 10 times with water before use. Water was employed for 
dilutioa to hemolyze the cells. 


results 

The exammaUon of the sera of 8ixty-«igbt rabbits chosen at random re\'caled 
that only nineteen were enzymatically active m the hydrolysis of atropipe 
The atropmesterase values obtained varied from 51 to 270 average 107 Both 
active and inactive sera were obtamed from animals during all seasons of the 
year from the albmo vanety as well as those of vanous colors, from animals of 
both sexes and all ages and weights Tliere was no correlation between the 
atropmesterase and cbolmesterase values AH of the rabbits possessed cholm 
esterase activity, and the values for the sera of fifteen animals which also coo 
tamed atropmesterase, vaned from 140 to 300, average 205, those from thirty 
three arnmnls devoid of atropmesterase fell between 110 and 290 average 210 
Minng a serum containing atropmesterase with an equal volume of serum 
devoid of activity was found to have no influence on the en^Tne m the former 
Thus 98 enzyme umts were found m 0 1 ml of active serum, and 97 units m 
0J2 mL of the mixture 

The distribution of atropmesterase m defibnnated blood from rabbits po»- 
sessmg activity is given m Table L Practically all of the activity can be as- 
signed to the serum the difference m the number of enzyme units m blood and 
serum bemg due to loss m separaboD of the cells 
The atropmesterase values of the organs of rabbiU contammg the enzyme are 
given m Table H. It was found that the animals without the enzyme m thefr 
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sera were also without demonstrable activity in the extracts of any of the organs 
listed m the table 

In the case of tlie frog material, three samples of sera, each from the pooled 
blood of five animals, showed no activity with respect to the sphttmg of either 

TABLE I 


A tropine Hydrolysis by Bcfibrimled Ralhtt Blood 


Rabbit No 

Atropincatenise units per 0 1 ml 

blood 

Hemolyzed blood 

Serum 

Hemolyzed red cells 

A 

55 

51 

0 

B 

40 

34 

0 

C 

140 

110 

0 


TABLE n 

Hydrolysis of Atropine by Rabbit Organs and Fluids 


OrEan or fluid 

Rabbit No 

72 

82 

84* 

119 

1942 

1073 

Atropiaesterase values 

Liver 

72 

92 

220t 




Intestinal mucosa 

24 

55 

117 




Heart auricle 

10 

36 

54 




Heart ventncle 

17 

30 

41 




Kidney 

11 

33 

39 

1 



Spleen 

6 

17 



1 


Adrenal 

9 

12 



18 


Lacrymal gland 

5 

t 27 

36 



i 

Gastrocnemius muscle 

3 

7 

10 




Bram 

0 

0 

6 

0 



Aqueous humor 




0 

0 

0 

Ins 


17 

46 


14 


Semm 

94 

124 

270 

78 

77 

57 


*Liver infected with cocadiosis 




fPortion free from infection used 



Highly infected area had a value of 82 



atropme or homatropme, but the livers of these animals were active on both 
substrates The tropmesterase values in a typical experunent, m which the 
enayme material was obtamed from the pooled hvers of five animals, were 70 
and 115 for the hydrolysis of atropme and homatropme respectively 

The serum of the gumea pig was also found to exhibit no activity on either 
atropme or homatropme The hver actively splits the latter, but has no action 
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TABLE in 

EydniysU Tropin* EiUn 





&||^ 

•a 

Stnetere 

Nunc 



|l 



1 (1 p«T cant nit«t 

nta) 



Horn 

RabUi 

I 

KabU 

n 


CHi CH CH] 

NCH, (IhOCOCh/ N 

HaSO. 

1 

Aljppdoc 
sulfite (dl- 
hyoscy 
amine) 

0 

96 

0 

JO 

(IhOCOCh/ \ 

1 Hyoscyamlne 
hydrobiu- 
mlde 

0 

115 

0 

10 

CH) CH CU] 

^NCHi (!hOCOCH<( )> 

Homatiopiae 

hydro- 

bromide 

0 

64 

0 

33 







/lljCCH.), (!hococh<' ^ 

LA k lu 

Novatroplne 

0 

14 

0 

40 

CHi CH CHCOOCHi 

1 ^NCH, (!hOCo/ ^ 

L^-U 

Codine 

bydro- 

chlondr 

0 

50 

34 

148 

^yscH, dzHoeex;^ y 

CHj un UH) 

Tropacooune 

hydro- 

chloride 

146 

11 

15 

12 

o'^ I ^NCH, (IhOCOCh/ y 

— ia. (!aoH 

Scopolemme 

hydro- 

bromide 

0 

72 

0 

9 

(CH0iN(CI)CHCTiOCOCHi 

1 

Acetylcbohne 
cbladde* , 

1510 

1 

150 

170 

130 


* 0375 per cent inbstrate. 

on the former as illustrated m Fig I It is noteworthy that the hljcration of 
COa m the control vessel containing only liver extract in bicarbonate-Ringcr 
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solution was negligible, while that in the substrate control vessels was ap- 
preciable, especially during the first 2 hours 
Fresh egg white and yolk were tested separately for atropine-hydrolyzmg 
properties in several instances, and in no case could enzyme action be detected 
over the e'qierimental period of 360 mmutes 
The results of specificity studies are apparent from Tables III and IV 


TABLE IV 

Comparison of the Hydrolysis of Certain Esters by Rabbit Serum and Cells Expressed tn 
Enzyme Units 


1 

EDZjTTie matenal from 0 1 ml 

Substrate 

defibnnated blood 

Atropine i 

Tropacocaine 

Cocaine 

Acetylcholine 

Serum 

102 

20 

46 

100 

Hemolyzed cells 

0 1 

0 j 

0 1 

125 


DISCUSSION 

It has been known for some tune that not all rabbits possess a factor m theu 
blood capable of destroymg atropme (2, 3) Metzner and Hedmger (4) found 
that the weight and age of the rabbit were unrelated to the occurrence of the 
atropme-destroymg factor Sternberg (5) claimed that the degree of activity 
of the sera varied with the season, a maximum bemg reached m December In 
the present commumcation no correlation could be found between the mcidence 
of atropmesterase and any of the animal characteristics observed Bernheun 
and Bemheim (6) observed that approximately two out of every three rabbits 
exammed possessed atropmesterase activity, while m the group of sixty-eight 
rabbits reported m this paper the proportion was more nearly one out of four 

The possibihty that the animals devoid of activity possess an mhibitmg sub- 
stance that mterferes with the enzyme action has been considered, but it ap- 
pears unhkely from the fact that a mixture of active and inactive sera contams 
an activity essentially equal to that of the potent material alone 

It is strikmg that serum is the richest source of atropmesterase m the rabbit 
body (Table IT) Certam organs such as the laciymal gland which are un- 
usually rich m chohnesterase (7) contam low concentrations of atropmesterase 
The auricle which is about three times as nch as the ventricle m the former 
enzyme (8), contams approximately the same concentration of the latter A 
further difference m the distnbution of the two enzymes may be seen from the 
fact that atropmesterase could not be demonstrated m the blood cells (Table 
1) while these are rich m cholmesterase (Table IV) The lack of the enzyme m 
rabbit ei^^ocytes has been reported by previous investigators employing 
other methods for the determmation of enzyme activity (3, 9, 10) 
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The absence of atropmestcrase m the aqueous humor, and the low activity of 
uis tissue, would seem to be in accord with the fact that the pupil dilation re- 
sultmg from dropping atropme into the eye persists for days In this connec 
tion it should be pomted out that smce homatropme is effective m the eye for a 
much shorter penod than atropine, one might expect it to be destroyed faster 
tn vtvo HOTvever, the aqueous humor of a rabbit having no atropinesterase 
was also found to have no effect on homatropme, and the iris of rabbit No 
1942 (Table II), which had an atropinesterase value of 14 was found to have 
the same activity on homatropme It should be kept in mind that the greater 
non-enrymatic hydrolysis of homatropme (Table TTT) may be a significant 
factor 

Smce the serum of rabbits is richer m atropmesterasc than liver, it is sur 
pnsmg that certam species, such as frog (11-13), guinea pig, rat, cat, and dog 
(6), have no activity m their scrum butdo m their liver Though confirmation 
of these findings has been obtained m the case of frog, and for guinea pig with 
respect to serum, it was observed that although hver extract could hydrolyze 
homatropme, it had no action on atropme (Fig 1) Bemheim and Bemheim 
(6) reported liver hydrolysis of both substrates, but their data were not cor-* 
reeled for non-enzymatic substrate hydrolysis It has been the eipenence of 
the authors that occasionally the corrected hver atropine curve exhibits a wnall 
nse which flattens out after 1 or 2 hours and contmues m the honrontak It is 
ertrcmely doubtful that these imtial rises arc significant of atropmesterasc 
action since it has been shown that this enzyme is characterized by a Imear nse 
of the hydroIysis-time curve to about 90 per cent of complete scission (1) 
The hydrolysis of homatropme, but not atropme, by gmnea pig liver raises 
the question of whether there is a homatropmestcrase distmct from atropm- 
esterase. 

Prior to the work of Bernheim and Bernbeim (6), mvestigations of the enzy 
made destruction of atropme were based on the measurement of the disappear^ 
ance of free atropme rather than on determination of an end product Thus 
it has been claimed that fresh egg white destroys atropme (10, 14), but the dis- 
appearance of the drug m the presence of the protem cannot be ascribed to 
hydrolysis as shown m the present study 

From Table m it is apparent that rabbit serum I is capable of hydrolyzmg 
all of the tropine esters studied With the exception of cocaine and tropa- 
cocame, it may be seen that both horse serum and rabbit serum 11 have no 
effect on these esters It would ^pear from the data m the table that / hy 
oscyamme is hydrolyzed more rapidly than atropine in accordance with pre- 
vious work (6 14) However, homatropine, with the hydroxyl group closer to 
the ester linkage than m atropme, is ^Ut more slowly than the latter, while 
scopolamine is hydrolyzed at an mtermedmte rate. The last results arc not in 
accord with those of Bernheim and Bernhcnn (6) who reported that homatro- 
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pme IS hydrolyzed more rapidly than atropme, and scopolamme is usually not 
attacked The mtroduction of another methyl group mto the pentavalent 
mtrogen radical of homatropine results in a marked drop m enzymatic hy- 
drolysis as demonstrated in the case of novatropme 
It has been found by separate control experunents that whether the alkaloid 
IS m the form of the sulfate, bromide, or chlonde has no effect on the enzymatic 
action The mfluence of various ions on atropinesterase is being made the 
subject of another study 

Cocaine is a di-ester m which the tropme portion of the molecule is on the 
acid side of one ester and on the alcohol side of the other From a variety of 
structures previously studied it was found the presence of a mtrogen group in 
the acid side of an ester prevents enzymatic scission (15, 16) If the analogy 
apphes to the present case one would expect only the benzoyl ester Imkage to be 
attacked, but one cannot be sure that both groups are not subject to enayme 
action, especially when it is seen that rabbit serum n can hydrolyze the com- 
pound Smce horse serum has no effect, and rabbit serum II contams no 
atropmesterase, the possibility arises that the cocamesterase m the latter serum 
^may be an enzyme distinct from cholmesterase or atropmesterase 

The small structural variation between tropacocaine and atropine or homa- 
tropme exerts a profound effect upon the enzyme specifiaty All three of the 
sera employed hydrolyze tropacocame, and by comparison with the rates of 
hydrolysis of acetylcholine it would appear that cholinesterase might be the 
active agent in the tropacocaine scission A test of this possibihty was made 
based on the fact that the red cells of rabbit blood contam cholmesterase even 
though they are devoid of atropmestereise Hence both the serum and cells 
should hydrolyze tropacocame if cholmesterase is capable of acting upon the 
substance From Table IV it is apparent that cholmesterase is without action 
on tropacocaine Therefore the possibihty is presented that a tropacocam- 
esterase may also exist as an enzyme distmct from cholmesterase, atropm- 
esterase, and cocamesterase 

The great difference between the non-enzymatic hydrolysis of cocaine and 
tropacocame must be ascribed to the presence of the additional methyl ester 
group m the former This group probably undergoes scission with ease 

SOMMARY 

Atropmesterase was found to exist m approxunately one out of every four 
rabbits, and no relation could be observed between the mcidence of the enzyme 
and season, sex, color, age, or weight The occurrence of the enzyme was also 
shown to be unrelated to that of cholmesterase 

The distribution of atropmesterase m the blood and organs of rabbits was 
studied, the animals devoid of the enzyme m their blood contamed no demon- 
strable activity m any of the organ extracts tested 
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The presence of atropmestcrase m frog bver, and its absence from the scram, 
has been confirmed. Hydrolysis of homatropme, but not atropme, by guinea 
pig liver was observed, while the scrum was without action on either of the 
compounds. On this basis the p>ossibibty arises that guinea pig hver contains a 
homatropmesterase enzyme separate from atropmestcrase 
It was shown that lack of atropmestemse activity in certam rabbits is not 
likely to be due to the presence of a naturally occurring inhib itor 
It has been demonstrated that contrarj^ to previous indications neither fresh 
egg white nor yolk possess atropmesterase activity 
The speafiaty of tropmesteruses was mvestigated and evidence was pre- 
sented for the possible enatence of two distinct enzymes, cocainesterasc and 
tropacocainesterase. 

The authors wish to thank Sidney Morett for his techmeal assistance, and to 
eiqiress their appreciation for a gift of novatropme supphed by G S Clyve of 
Campbell Products Inc., New York City 

BIBUOGRAPHY 

I Ghck, D / Bujl Oum , 1940 134, 617 

2. Fleischmann, P., Arck exp Path u Phcrmakol^ 1910, 62, SIS, Z him Med^ 
1911 78, 175 

3 Metrner R. Arch esp Paih u PharntoheL 1912,63, 110 

4 Metxncr R., and Hedmger 'E.,Arch exp Paik u^Phcrmakel 1912,60,272 

5 Sternberg, A. Z exp Afed, 1927 67, 346 

6 Bemheim F and Bcmheini, M L. C / PharmaceL and Exp Tkerap , 1938 

64, 209 

7 Ghck, D Lewin A and Antopol W Proc Soc, Exp Biol and Med 1939 

40, 28 

8 Antopol W Glaubsch S and GUck D , Proc. Soc Exp Bvd and Med 1939 

42, 280 

9 Doeblin, A. and Fldschmann, P Z him Med , 1913, 77, 145 
10 Van der Heyde, H C Arch nierl fkystol 1921 6, 380 

II Clark, A, J Quart J Exp Physiol 1912 6, 385 

12 Scram, G S W de / Paih and Bad , 1938 46, 559 

13 von OetUngen W F , Arch exp Paih f*. Pharmakol 1918, 83, 381 

14. von Oettmgcn W F and Marshall, L H , / Pharmacol and Exp Therapy 
1934 60, 15 

15 Glick, D , J Bxol Chem 1938 125, 729 
16. Ghck, Ji ,J Bid Chem , 1939 130, 527 




THE INFLUENCE OF PROTEINS ON THE REACTIVATION 
OF YEAST INVERTASE 

Bt HARRY WAGREICH, LAWRENCE L SCHWARTZ, and HENRY TTAMTN 
(From the Department of CAmu/fy, The Ctiy Collett of the CoUege 
of Ike City of New York)* 

(Recaved for pablicatioD, July 1, 1941) 

Saul and Nelson (1) studied the inBuence of proteins on the activity of ytost 
invertase, and found tliat native and denatured proteins accelerate the activity 
of purified invertase preparations at pH 3, but not at pH 4 the pH optumini 
of the ensyme, Hcmott (2) had shown that yeast invertase macbvated by 
aad can be reactivated by following Anson and Mirsky^s (3) procedure of al- 
lowmg a solution of the inactivated cra^one to stand for varying intervals of 
time at pH 6 

In general, Herriott was able to obtain a greater per cent reactivation using 
fairly crude mvertase preparations. However, Saul and Nelson (1) found that 
only highly purified invertase preparations respond to the accelerative influence 
of added proteins These authors suggest therefore, that crude preparations 
contain an excess of protean so that the addition of more protein seems to be 
without further effect The possibflity exists that there may be a relation be- 
tween the reactivation of mvertase preparations containing a relatively large 
auMrnnt oi extraneous prolem and the accelerative effect on the activity of 
highly purified preparations due to added proteins. It is the purpose of this 
investigation to test this possibibty by studying the effect of added proteins on 
the degree of reactivation of aad inactivated yeast miertase. 

The procedures used m this study were in general simQar to those used by Hemott 
(2) with minor modifications The activities of the mvertase solutions were esti 
mated by the imtial rates of hydrolvsis of 16 per cent sucrose solutions at pH 4-5 and 
2S®C , except where ^lecifically stated otherwise. 

The various invertase preparations used were dilated to grve an initial veloaty of 
sucrose inversion of around 2 0-2-5^ per mmute It was then demonstrated for each 
different eniyme preparation used that when brought to a pH below U and kept at 
this pH for 30 mmutes followed by addmg alkali to a pH of 4 5 and allowing the $olu 
bon to for 45 minutes, that the cn^mie was ccanpletely Inactive Howev e r 

when add inactivated fnvertase sc^utions were brought to pH 6 and allowed to stand 
for 45 minutes, reactivation occurred m complete agreement with Hcmott s findings. 

For fgeb preparation used m the present investigation the pH reactivation oplunum 

• This work was begun m the laboratory of Professor J M Ndson of Columbia 
University and continued with his approval 
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was found (these vaiying between pH 5 8 and 7 0) and the experunental conditions 
were so arranged as to have the reactivation occurring at this pH 

The following is a tj^pical experiment on the influence of proteins on the re- 
activation of mvertase In each case two experiments are carried out, one 
servmg as a control, and differing from the other only m that no protem is 
added 

To 25 ml of mvertase m 0 015 sr phosphate-citrate buffer at pH 4 5 (initial velocity 
of hydrolysis 2 0-2 5® per minute) is added 1 ml of a water solution containing 10 mg 
of egg albumin To this is added 10 ml of 0 428 N HCl, and 10 ml of the resultmg 
mixture are removed for a pH determination (pH equals 1 10) The mixture is kept 
at this pH for 30 minutes At the end of this time 10 ml of 0 327 n NaOH are added 
brmgmg the pH to 5 89 This nuxture is allowed to reactivate for 45 minutes, and 
then 25 ml are removed and added to 100 ml of 20 per cent sucrose solution buffered 
with 0 03 M phosphate-citrate buffer, so that the final pH of the hydrotysis mixture is 
4 5 (The remaming 10 ml of reactivated mvertase are used to determme the pH 
at which reactivation took place ) 

The mitial course of the hydrolysis is now followed polanmetncally m the usual 
manner, five samples bemg obtamed for each hydrolysis The control is then treated 
m exactly the same way, except that 1 ml water is added at the start, the pH of 
mactivation bemg 1 09 and the pH of reactivation being 5 86 m this experiment 

The results of this experiment were as follows 


(A) Reactii ation m presence of 10 mg of egg albumin 


Hydrolysis sample 

a Time 

a RotaUon (in degrees) 

AR/AT 


mtn 



1 

0 

0 

— 

2 

4 

0 52 

0 130 

3 

8 

1 06 

0 133 

4 

12 

1 58 

0 132 

5 

16 

2 16 

0 135 

Mean rate = 0 133° per minute I 



(B) Control reactivation 


1 

0 

0 



2 

4 

1 09 

0 273 

3 

8 

2 16 

0 270 

4 

12 

3 19 

' 0 266 

5 

16 

4 39 

0 274 

Mean rate = 0 271° per mmute I 



Per cent inhibition of reactivation due to added protem = 


(Rate of control expenment — rate of eipemnent with added protem) X 100 


Rate of control 
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Since all the vanables such aa time, temperature, and pH, have been held 
constant, it is possible to attribute the difference m extent of reactivation to the 
added protem 

A senes of experiments of this nature were earned out, with the vanous pro- 
teins being added at one of three possible pomts, at the start (mvertase at 
pH 4^), immediately after bnngmg the mvertase solution to the inactivation 
pH of 1 1, or immediately after bringing the enzyme to the reactivation pH of 
about 6 Smee it was found that the results on adding the proteins at pH 4 J 
and at pH 1 1 were the same, Table I lists the effect of proteins at two general 
pomts of addition, namely at pH 4^ or less than 1J2, and at pH 6 
The proteins used m this study were highly purified preparations, many of 
which were obtamed from vanous workers whose names are listed at the end of 
the paper During the early stages of this work hjglil> purified mvertase solu 
tions were used which were prepared by Mr Stanley Lewis of Columbia 
UmvcTEity It was found that results usmg highly purified yeast mvertase 
were the same as those obtamed with the cruder commercial preparation known 
as "Convertit” which is a product of Wallcrstein Co of N V Accordmgly, 
“Convertit” was used m the later stages of the mvestigatiom 
Examination of Table I reveab some mterestmg facts Under no conditions 
was an increase m reactivation obtained Secondly all but three of the six 
teen proteins tested inhibited the reactivation of mvertase to some extent when 
added at pH 4^ or 1 1 the three exceptions being carbohydrate-free horse 
crystalbumm, gelatm, and lactoglobulm, which also did not inhibit at the re* 
activation pH C)nl> five proteins inhibited the reactrvstion of invertase, 
when added at pH 6 Of these two trypsm and chymotrypsm arc proteolytic 
enzymes which are active at pH 6, and three, donkey globm ox globm, and 
scrum fllliiimin ore non-enzymatic Another pomt to be noticed is that a 
general dtstmebon m quantitative effect can be drawn between the proteolytic 
enzymes and the non-enzymatic proteins which were added The former when 
present m amounts as small as 0 1 rog caused an inhibition of 7&-100 j>cr cent, 
while the latter when present in far larger quantities (10 mg ) gave inhibitions 
vaiymg from 14-87 per cent For comparison it might also be added that as 
much as 0^ mg tobacco seed globulm resulted m a zero inhibition 
The inhibition of the reactivation on the part of the proteolytic enzymes may 
perhaps, be considered a function of their en^onatic activity and, mdeed, 
several facts appear to support this possibnity 

Thus, m one experiment 0 06 mg pepsm which had been inactivated by keep- 
ing at pH 10^ for half an hour (6) (proteolytic aativity proven absent by the 
method of Anson (7)) was added to the invertase solution at pH 11 In the 
native state, this quantity of pepsm was suffiaent to cause 100 per cent mhibi 
bon of reacbvabon In its denatured form however it gave 0 per cent m 
hibibom Also, 5 mg of chjTnotrypainogen added to an mvertase solubon 
immediately after bringing it to pH 1 1 led to 14 per cent inhibibon of reactivu 
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tion of mvertase 5 mg of chymotrypsm, on the other hand, added under the 
same conditions, caused an inhibition of reactivation of 100 per cent This 
experiment is probably more satisfactory m demonstratmg the correlation of 

TABLE I 

Effect of Proteins on Reactivation of Inveriase 


Protein 


lo Egg albumin* 

16 “ 

2 Carbohydrate-free horse crystalbumm (4) 
3a Edestm 
36 

4 Gelatin 

5 Donkey globm 

6 Ox globm 

7 Lacto-globuhn 

8 Phosphorylated serum albumin 

9 Pseudoglobuhn y (5) 

10 Serum albumin 

11 Tobacco seed globuhn 


12 Chymotrypsm 


13 Chymotrypsmogen 

14 Pepsin 


15 Pepsm denatured at pH 10 5 

16 TriTism 


1 Quantity added 

1 

lohibUion whei 

added at pH 4 5 

or 1 1 

^ Inhibition when 
added at pH 6 

me dissolved 

per uni 

per cent 

10 

51 

0 

12 

46 3 

0 

10 

0 

0 

10 

74 

0 4 

10 

73 

0 

10 

0 

0 5 

10 

41 

37 

10 

87 

87 

10 

0 

0 

12 

16 

— 

10 

61 

0 

12 

36 

36 

10 

75 

0 

5 

66 

— 

3 

45 3 

1 

1 

15 7 



0 5 

0 

— 

5 

— 

100 

2 

98 

— 

0 1 

85 

— 

5 

14 

2 

>0 06 

100 

0 

0 06 

100 

— 

0 03 

93 

— 

0 01 

70 

— 

0 001 

65 

— 

0 06 

0 

— 

0 10 

70 


10 

100 

100 


* o and 6 refer to different preparations of the same protein 

the inhibitory effect and proteolytic activity than that of denaturmg the pepsm, 
smee although chymotrypsmogen has but 1/10,000 the proteolytic activity of 
ch 5 rmotrypsm (probably due to traces of chymotrypsm) it is m other properties 
quite similar to chymotrypsm, according to Kumtz and Northrop (8) 

FmaU 3 ^ a third hne of evidence to support the idea that the inhibition by the 
proteolytic ermymes mentioned may be associated with their enzymatic activity 
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IS indicated by the following eipenmeats Pepsin when added to invertase at 
pH 1 1 inhibits the reactivation 100 per cent However, when pepsin is added 
to invertase immediately after bringing the invertase to pH 6 (at which pH the 
pepsin IS proteolytically inactive), there is no inhibition of reactivation what 
ever 

Concerning the mhibitlon by the non-enzymatic proteins listed m Table I, 
the authors do not offer any suggestions to account for the phenomenon The 
possibility, howe\’er, remains that the inhibition by the various non-ensymatic 
proteins may be due to their contanilnation with proteolytically active sub- 
stances. The presence of 0 005 mg of pepsin in 10 mg of protem would be 
suffiaent to cause 50 per cent inhibition of reactivation. The method of Anson 
(4) (modified to 1 hour’s digestion to insure sensitivity to as httle as 0 005 mg 
pepsin) was used to investigate this possibility All the protems mentioned m 


TABLE n 

Efed ef Trypsin and Ckywtctrypsin on Nolht Ijn€rtas* 



Quuh* 

dtj 

pH 

Time of ctBtftCt of 
■^rc ioTcrUsc 
•id enxjtue 

Velodpr of ICTvrtue 
bolon oddItloB of 
proicoiTtic eBxjise 

VdodW iftcr amtut 
for time iSoira 

Tryprin 

mt 

10 

4 <S 

6S mm. 

0 0103 /min. 

0 0108 /min. 

< 

10 

6 75 

61 

0 0301 “ 

0 0301 


13 

7 06 

661 hrt. 

0 080 “ 

0 080 


10 

7 0 

45 “ 

0 094 

0 094 « 

Chymotiypata 

10 

6 3 

67 " 

0 532 * 

0 531 ' 


Table I were tested for peptic activity, and fn addition, serum albumin and 
globm were tested for tryptic activity smee the latter inhibited mvertasc re- 
activation when added at pH 6 All were found to be proteolytically inactive 

The question now arises, do the proteolytic en^ones affect native mvertase? 
There appears to be some disagreement m the hterature on this pomt (1 9) 

The possibflity was tested m two ways. In the first method, the native in- 
vertase was allowed to stand m contact with the proteolytic enzyme at different 
pH’s for vanous lengths of time. The results as indicated in Table H, show the 
native mvertase to be unaffected by the presence of trypsm and chymotiy 
psm Another type of ejperiment used to obtam information on this ques- 
tion was as follows 

10 mg of tiypsm were added to mvertase which had reactivated at pH 62 for 1 
hour The mvertase was now allowed to stand at pH 62 for a total of 5 hours and 
Its activity then determined One control was aDowed to reactivate at pH 62 onfy 1 
hour and its activity immediately obtained Another control was aDowed to react! 
vate at pH 62 for S hours before testing its activit> Resnlts Velodtj of invertase 
to which 10 mg of ti^Twin were added after 1 hour (5 hours total standing) - 0 0134 



212 


PROTEINS AND REACTIVATION OF YEAST INVERTASE 


degree per minute Velocity of control reactivated for 1 hour *= 0 0133 degree per 
mmute Velocity of control reactivated for 5 hours <= 0 0306 degree per minute 

Other experiments of this type gave similar results and led to the following 
conclusions (1) Trypsin instantaneously acts to prevent further reactivation of 
inactive mvertase, (2) tiypsin does not affect whatever invertase has already 
reverted to the active form m the reactivation process 

It was also considered interesting to determine whether reactivated mvertase 
would evhibit an effect typical of the original native invertase, namely the effect 
described by Saul and Nelson (1) For tins experiment it is necessary that a 
highly purified yeast invertase preparation be used 

A highly purified yeast invertase u as inactn'ated at pH 1 1 , as usual, and then brought 
to pH 6 2 and allowed to reactivate at this pH for 1 hour The solution was then 
carefully brought to pH 3 0 with dilute HCl The solution was now divided mto two 
parts, and to one part 10 mg of trypsin were added, and the activity of this and the 
control were compared in buffer at pH 3 0 

This experiment was also repeated usmg 6 mg gelatm, instead of trypsm, as 
the foreign protein added 

Increases of 19 per cent and 25 per cent respectively at pH 3 0 were obtained 
in these experiments due to added protem, and are in accord with findmgs re- 
ported by Saul and Nelson (1) for native mvertase 

It will be remembered that edestm and tobacco seed globulin did not mhibit 
the reactivation of mvertase when these proteins were added to acid-mactivated 
mvertase which had just been brought to pH 6 2, but did when added at pH 
4 5 or 1 1 The folio wmg experiment was carried out m an attempt to obtam 
some further information concermng the inhibitory effect using these protems 

Edestm, tobacco seed globuhn, and pepsin were separately brought to pH 1 1 and 
allowed to remain at that pH for one-half hour Then 10 mg edestm, 10 mg tobacco 
seed globulin, and 1 mg pepsin were each added to separate portions of acid-inacti- 
vated mvertase which had just been brought to pH 6 The velocities were then 
compared n ith a control and the inhibitions obtained « ere 65 per cent with the to- 

1 QG wifT-i o<-locfir» ODfl O rtOT* itnfTi 1 nnrr T^Artcirt 
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SUmiAHY 

1 Aad inactivated yeast invertase could not be regenerated m the presence 
of the proteolytic ensymes trypsin, pepsin, and chymotrypsun 

2 Certain foreign proteins of Don-en^Tnatic nature partially inhibited the 
reactivation of aad inactivated invertase. 

3 Certain proteins as gelatin, lacto-globulin, and carbohydrate-free hone 
crystalbumin did not prevent the reactivation of invertase at all 

4 Highly purified reacti\’ated invertase was shown to exhibit an effect typi- 
cal of original native invertase, that is, acceleration of its activity in presence of 
foreign protein at pH 3 0 

5 Native invertase was not digested by trypsin and chymotrypsin. 

6 The addition of tiypflin and cbymotrypsm to reactivating invertase did 
not affect the invertase which had already reverted to the active form, but pre- 
vented further reactivation of inactive mvertase. 

We are greatly indebted to the following for their kmdness m supplying us 
with proteins used m this work Hr Max Bergmann, for lactogiobuhn, Dr 
Henry Borsook, for edeaUn, and egg albumin (three times recrystallised), 
Dr Edwin J Cohn, d al , carbohydrate-free horse crystalbumm, and psendo- 
globulm-Y, Dr Michael Hadelberger, Dr Henry P Treffers, and Mr Manfred 
Mayer, for serum albumin, phospborylated serum albonun, and egg albumin, 
Dr Roger M Hemott, for pepsm (twice recrystalhred) trypsm (three times 
recrystallized), chymotrypMm (three times recrystallired), chymotrypsmogen 
(seven times recrystallired), Dr Abraham Marur, tobacco seed globulin, 
edestin, and gelatin, and Dr Alfred E Mireky for donkey globin 
We also wish to thank Dr A. E Musky for discussing this work with us and 
making helpful suggestions. 
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There is abundant CNidence that h\ ing cells function as osmotic systems (1) 
Quantitative studies however, on osmotic equUibna and on the kinetics of 
osmosis with animal cells have been hindered by lack of suitable material To 
serve as osmometers for experimental purposes cells should meet the following 
requirements 1 They should be obtainable as isolated cells of a single type 
Cell aggregates such os tissues or organs are unsatisfactoiy smce they contam 
not only cells of more than one type, but also blood vessels, l>Tnphatica, tissue 
spaces and intercellular substances— all having different properties 2 The 
cells should be free to undergo changes of volume smce osmotic phenomena 
mvolve such changes In tissues free changes of cell volume are mterfered 
with by mutual pressure of component parts even certain isolated cells are 
unsuitable, because of the rigidit) of their surface membranes (2) The sise 
and shape of the cells should be such as to permit accurate measurement Few 
types of animal cells ore known that fulfill these requirements, wherefore 
quantitative mvestigations of osmotic phenomena and of the related property 
of piermeabflity, have been confined almost entirely to two types of cells mam 
mahan erythrocytes and ecchmoderm egg cells In the course of search for 
new material, the eggs of two other forms of marine mvertebrates which belong 
to different phyla — the ann elid Chaetoptcnis pcrgamentaceus and the mollusc 
Cumtngia teionaidas — have also proved well adapted for osmotic studies (2) 
Unfortunately neither of these forms were readily available nor was the num 
ber of eggs from anv single speamen of Cummgia sufficient for some expen 
ments 

Further attempts to find suitable cells disclosed that the unfertilised egg of 
the oyster is excellent material This animal is widely distnbu ted its eggs are 
very abundant and arc obtainable without difficult> To stimulate shedding 
of eggs, oysters are placed in bowls of sea water, the temperature of which is 
suddenl> raised to 32-35®C after which the w'ater is allowed to cool ^ When 

^ Eggs thus obtained are cntircU unm:rurcd and ma> be fertihicd The mechanism 
of the spawning of o}*sters has been extcnsH'el> studied b\ Dr Paul S GaltsofT of 
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1 Apphcabihiy of the Law of BoyU-van’t Bo£ Volume of Omohcally Inadioe 
Malenal 

If cells were perfect osmometers, their volume should mcrease In direct pro- 
portion as the osmotic pressure of the medium with which they are m e^ 
libnum decreases, stated alternatively, the product of volume and pressure 
shoidd he constant It has been shown (1) for several types of hvmg cells 





Fio 2 AppUcabflity of Boyle s law to oytter eggs- Results of six cqaihbnuin 
expenments. Volumes of cells are plotted against reciprocals of corresponding 
concentrations of sea water with which they are m eqnUibnum (concentrabon of 
ordinary sea water — 1 0) The graph drawn weighs all the observed points and is 
linear it represents the equation P (V — 6) ■■ constant The volume of osmotlcallv 

inactive cell contents, J is obtained by extrapolation of the graph to ~ » 0 (this 

extrapolation is not shown in the figure) The mean value of is 44 per cent of the 
initial cell volume 

(plant cells, erythrocytes, marine ^gs) that this relation holds provided that 
cell volume is corrected for osmotically inactive cell content. The significant 
volume 13 not the volume of the cell as measured, but is this volume diminished 
by a quantity which represents the space occupied by osmotically inactive 
material Boyle’s law as applied to alls becomes 

p (7 — 6) - AT coMtant (I) 

where P Is the osmotic pressure of the dissolved substances m the cell (this 
preasbre at cquillbnum Is Identical with the known osmotic pressure of the 




im), V IS the measured cell volume, and b the space withm the cell oc- 
i by osmoticaUy mactive material (this term includes bound water if any 

j apphcabihty of Boyle’s law was tested m duphcate or-triplicate experi- 

1 with eggs from six oysters The cells were measured m ordmary sea 
, and m several dilutions of sea water with which they had been brought 
iihbrium The results are shown m Fig 2, in which the observed volumes 
otted agamst the reciprocals of the correspondmg concentrations of sea 
, a straight hne may be fitted to the points, which is in accordance with 
ion 1 Thus it IS evident that the egg cells of the oyster closely obey the 
f Boyle-van’t Hoff, provided that the cell volume is corrected for osmot- 
mactive contents 

2 correction factor, b, may be computed from the observed volumes arith- 
ally, or, more sunply by extrapolatmg the Imear graph of Fig 2, the m- 

it with the axis ^ = 0 gives directly the mean volume of osmoticaUy m- 

j ceU content The value of b computed m this way^ is equal to 44 per 
)f the ceU volume m ordinary sea water The amount of b for the oyster 
. much greater than J for the Arhacta egg which has only 12 per cent of 
space (4, 5) , on the other hand, the amount for the oyster egg is appron- 
y the same as b for mammahan erythrocytes In different plant cells, 
greater variations of b values are found, for certam yeasts the correction 
r IS 64 per cent of veU volume, on the other hand, for certam other cells 
i have large sap vacuoles and an extremely thm layer of protoplasm, b 
laches zero (1) 

? ReverstbtlUy of Osmotic Swelling, Preservation of SemipermedbiXity 

the experiments discussed m the precedmg section, the relation of cell 
ae to osmotic pressure was mvestigated over a wide range of concentration 
L water — from 100 to 40 per cent, correspondmg to pressures of 22 to 8 8 
spheres At aU concentrations, the volume of the cells reached a steady 
I which for a number of hours remamed unaltered This fact made it 
ely that swelhng m the hypotomc solutions had led to mjury and con- 
intly to loss of semipermeabihty 

versibUity of the volume changes was now tested by returnmg the swoUen 
to ordmary sea water, and measurmg them after they had agam come mto 
ibrium The results of a representative experiment, with duphcate meas- 

graphic method for evaluatmg & is perhaps preferable to arithmetic computa- 
for such computations are greatly affected by slight accidental errors of measure- 
, whereas a graphic method at once weighs aU the pomts The values of b 
ned arithmetically ranged from 31 to 56 per cent, with two-thirds of the values 
between 40 and 48 per cent 
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urements for each concentration, are shown in Table I It is seen that the 
onginal and final volumes are m good agrecmenL It may consequently be 
concluded that osmotic volume changes of oyster eggs (withm the range stated) 
are reversible, and that the semipermeability of these cells remains mtact* 

3 Kxneha of Osmosxt 

The rates at which the oyster eggs attain osmotic equilibria were now 
studied as follows. After measurmg their mitial size, the r^llg were mixed 
with diluted sea water m such proportion as to give a suspension of suitable 
density of cells m a medium of known concentration This suspension was 
quickly introduced mto the chamber of the apparatus and the changes m 

TABLE I 

Revenlblhty of volome changer. In tht* expenment, poformed in dnpUcate, at 22 C>i 
cells were measnred in ordinary sea water (colmnn 1) then swollen in 40 and 50 per cent sea 
water, respectivdy and remeasured after 1 hour (cohimn 2 and 3) They were tlim retamed 
to ordinary sea water and again meastired after 1 hour (last 2 cohnnus) (The r^n« reached 
eqmlibriuin within a few minntes after transfer to the hypotonic solution, or after retnming 
them from sneh solotions to ordinary sea water ) For case of comparison diameters, as wdl 
as volumes, are given. It is seen that the cells retnm appiozunatcly to thHr original size. 


dse [a 

per cat witer 

1 Sin In njainbrlxaii witb 

I Final wilirmw 

100 -4 40 

ioo->so 

40 -» lOD 

S>-9 100 

72 TWm’ 

134 100 

no 300 

73 200 

71 520 

(51 8)#l 

(S3 5) 

(59 5) 

(51 9) 

(51 5) 

73 620;i' 

132 200 

no 300 

73 620 

71,100 

(52 0)M 

(63 2) 

(59 5) 

(52 0) 

(51 4) 


Size of the cells were followed by making readings of the diffraction pattern 
until a steady state was reached. 

The course of swclhng and of shrmkmg durmg cndosmosis and exosmosis, 
respectively, is illustrated m Figs. 3 and 4 It is seen that either swelhng or 
shrinking is completed in considerably less than 5 minutes Osmotic changes 
of oyster eggs are rapid when compared to similar processes m Arbacta eggs, 
which require a pproxim ately 30 mmutes to reach equilibrium 

With data obtamed from the measurements of oyster eggs made durmg 
swelhng or shrmkmg m anisotomc solutions wc can test the applicabflity of 
equations (based upon theoretical grounds) which for other types of Uvmg cells 
have satisfactorily described the course of osmotic volume changes. It has 
been sbewn (4,6) that rate of change of cell volume is, at any instant, proper 
tional to the area of the surface and to the difference m osmotic pressure exist 
mg between the cell and the surroundmg medium, i.e , 
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Fig 4 Course of shrinking of cells upon transfer from 40 per cent sea water (with 
which they had previouslj’- been brought to equihbnum) to ordinary sea water 

where — is rate of change of cell volume due to passage of water, either mward 
dt 

or outward, S is the area of the ceU surface, P the osmotic pressure of the m- 
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terior of the cell, P, that of the Burroimdmg medium, and iC I3 a factor of pro- 
portionahty Correctmg cell volume for b (equation 1), and TnnUng necessary 
substitutions before integrating, equation 2 when mtegrated becomes'^ 


MWi rj.r. - - 0-. - .) - ij F,i(i u, 


r 

Vu> 


(3) 


In the apphcation of this equation to the expenmenta] data it will be con 
vement to designate the entire right hand side of equation 3 as / (K, V.) 
Using the data of two representative swelling experiments nnd plotting 

(Kff-J) ^ time, the fit obtamcd a linear (Fig 5) 

This IS m harmony with the demands of the equation, which may therefore be 
regarded as describmg satisfactorily* the course of osmotic volume changes of 
the oyster egg 


4 Ptrmeahitly of ihc Oystor to Water dunng Endomosu and Exosmosts 
The permeability of a cell to water, K of equations 2 and 3, is defined as the 
amoimt of water that enters or leaves the cell m unit time, through unit of cell 
surface, as a result of a unit of pressure In convenient umU, permeability b 
expressed as the number of cubic micra of water that pass per mmute through 
each square micron of cell surface, per atmosphere of difference m osmotic 
pressure between the cell mtenor and the medium This quantity may be ob- 
tained directly from the slopes of linear graphs such as arc shown m Fig S 

^The equation as here given Is a somewhat fimpUfied form of that previously 
V -V 

published (6) The expression In the present equation has been obtained 

by multiplying numerator and denominator of 1 _ ^ 

y 1 — yi this ehminates calculation of the three quantities and {V none 

of which appears elsewhere m the equation We are obliged to Dr T N Harris 
of the Laboratory of Bactenology, UnlvcTMt> of Penn^hTmla for drawing our 
attention to this simplification 

The symbol V indicates volume of the ceD at cquihbnum T'e and Po are volume 
and pressure respectively m ordinary sea water Suggestions for the construction 
of conversion charts by means of which the computation » rendered a relatively easy 
task are giv en on page 409 of a previous publication (6) 

* More correctly this equation desenbes the swcllmg and shrinking process from the 
beginning to approaching equilibrium- As the cells approach their equHibnum 
de^bons from equation 3 appear which arc as yet unexplained 
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In these experiments, the values of K for water entermg cells were the same, 
namely 0 6 In similar experiments with eggs from four other oysters which 
were caused to swell m either 40 or 50 per cent sea water, permeability ranged 
from 0 5 to 0 6, with most values close to an average permeabdity of 0 6 for 
endosmosis 

For the reverse process, exosmosis, permeabihty may be computed by two 
methods In the first method, equation 3 is used and the value of perme- 



Fig S Apphcabihty of equation 3 to swelling of oyster eggs in 50 per cent sea water 

1 

Results of experiments with cells from two animals Plottmg p (y — _ ^ 

/(F, V,) against time yields hnear graphs, showing that the equation fits the data 
The slopes of the hnes are the values of the permeabihty factor, K 


abihty derived as has been described for endosmosis In three duphcate ex- 
periments, cells previously swollen in 40 or 50 per cent sea water were measured 
during shrmkmg after their return to ordmary sea water, m these experiments 
the values of permeabihty for exosmosis averaged 0 5 
By a second method, based upon entirely different procedures, values of 
permeabihty were shghtly, but not significantly, higher This method, de- 
veloped by Jacobs (7) makes it possible to evaluate permeabihty to water and 
to solutes as well The cells are measured m ordinary sea water, and then 
transferred to a medium made by dissolvmg m sea water 0 5 ii of a relatively 
harmless substance to which the cells are permeable — ^m the present experi- 
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mente, diethylene glycol or glyceroL In this initially hypertonic meditim the 
cells at first shrink, but as the solute penetratca, a mmiirinm volume is attained 
and then the water lost during shrinking is gradually regained (Fig 6) From 



Fio 6 Two experiments with eggs from different oysters showing the course of 
shrinkage and subsequent swrellmg when pla(^ m a solution of 0 J u diethylene glycol 
(upper graph) or glycerol (lower graph) in sea water Volumes corrcjqjond to averages 
of diffraction scale measurements PcnncabSily constants for solutes are in 
molg X 1^^/ixiin. per liter 

the initial sue, minimum value obtained, and time of attaining this minimum 
it 13 possible to compute both the permeability to the solute and the water • 

• For details of computation see (7) In the determinations of the penneabflity 
constants for water by this method the volume of osmotically Inacti\'e cell contents 
has not been considered- Probabty no serums error is thereb> introduced for such 
correction is of less importance when dealing with \'oluma which differ only slightly 
from the initial size, f.r less than IS per cent m the present expenments. 
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The significant data of five experiments with diethylene glycol as the pene- 
tratmg solute are recorded m Table H, m the last column are stated the values 
of permeabihty to water, the average is 0 7 In three similar experiments with 
glycerol, the average is 0 6 These values are but slightly higher than the 
values computed from the course of shrinkmg by the first method 
By two enturely different methods, therefore, the permeabihty of the oyster 
egg IS found to be 0 5-0 7 for exosmosis For endosmosis, as shown above, the 
values obtamed are exactly the same This agreement is of considerable in- 
terest, since with another type of livmg cell, the Arbaaa egg, water appears to 
leave the ceU more readily than it enters the calculated value of permeability 
for exosmosis is at least 25 per cent greater than the value of endosmosis ’’ No 


TABLE n 

Permeability of eggs of Osirea to water, and to diethylene glycol, at 22°C Permeabihtv 
values are given m the last two vertical columns Permeabihty to water is expressed as 
number of cubic micra of water which enter the cell, per minute, through each square micron 
of ceU surface, per atmosphere of difference m osmotic pressure The values for diethylene 
glycol are the number of mols X 10~i* of this substance which pass per mmute through each 
square micron of ceU surface, at a concentration difference of 1 mol per hter 


Expenment 

Initial 

volume 

Minimum 

volume 

Time to 
minimum 
volume 

Vm 

Vo 

Permeability 
to diethylene 
glycol X !(>■“ 

Perraeabilitj 
to irnter 




min 




1 

(58,600 

60,100 

0 38 

0 875 

29 6 

0 73 

2 

78,390 

66,240 

0 33 

0 845 

26 6 

0 84 

3 

77,950 

69,500 

0 42 

0 892 

28 2 

0 64 

4 

73,200 

61,600 

0 38 

0 845 

24 2 

0 81 

5 

70,690 

63,770 

0 SO 

0 902 

27 3 

0 50 

Mean 

73,770 

64,240 

0 40 

0 872 

27 2 

0 70 


such difference is found for the oystei egg, which m this respect may be re- 
garded as a more perfect osmotic system 

5 Permeability to Diethylene Glycol and to Glycerol 

The mgemous method of Jacobs permits, as has been stated, simultaneous 
measurement of ceU permeabihty to water and to dissolved substances The 
necessary data for computation of either are the same 

In preliminary experiments, we attempted to measure the permeabihtj'- of 
oyster eggs to ethylene glycol, a solute which because of its convement rate of 

^ For Chaetopicrvs and Cunimgta we do not have as yet suffiaent data on exosmosis 
for computation by equation 3 It is of interest, however, to note that permeabihty 
values for endosmosis by this equation agree remarkably well with values computed 
by Jacobs’ method for shnnkmg 
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penetration has been a favorite with other types of cells (2, 8) But oyster 
eggs proved so highly permeable to ethylene glycol that our measurements 
were not suffiaently accurate We therefore used a related substance, dieth 
ylene glycol, which, as Stewart and Jacobs had shown with Arhacta eggs (8), 
penetrates more slowly This substance was found suitable for quantitative 
measurements with oyster eggs, it penetrates into these cells rapidly but at a 
rate readily measurable by the diflhaction method The values of permeabil 
ity of this substance ore shown in the column next to the last of Table IL 
The figures express the number of mols X 10“° of diethylene glycol which 
enter the cells per mmute through eadx square micron of surface, at a concen- 
tration difference of 1 mol per hter, the average value is 27^ 

In other experiments, glycerol was chosen as the solute to be studied, since 
we had previously observed that this substance penetrates very slowly mto 
one type of cell, the Arbacui egg, whereas it penetrates readily mto another, the 
Chaeiopicnu egg The oyster egg proved still more permeable to glycerol, m 
three experiments its permeabQity averaged 20 7 

6 Comparts&n of Parmeahlxiy Valttes 
It may now be of mtercst to compare the values of permeabfljty obtained for 
the oyster egg with values previously obtamed by ns for three other mvertebrate 
eggs. This comparison is restneted to determinations made imder RimilHr 
experimental conditions, usmg the same techmque of measumg cell volume 
and the same methods for computing permcabibty The values are collected 
m Table HI Inspection of the table brings out first, that for each of the four 
types of cells permeabihty to water computed from the course of swelling (by 
equation 3) is m good agreement with values obtained from the course of 
shrinking by Jacobs* method, with the cxcqitjon of the shghtly higher per 
meabflity obtamed by Jacobs’ method for ArbaciCt the determinations for the 
other celbt arc almost identical It follows, as a corollary, that permeability 
to water is not affected by the presence m the medium (sea water) of the non 
electrolytes, ethylene glycol, diethylene glycol, or glycerol, moreover, when the 
object of experiments is solely evaluation of cell permeabihty to water, it be- 
comes a matter of convenience which of the two methods is employed 
It will next be noted that the oyster egg is considerably more permeable to 
water and to solutes than are the other three kmds of marine eggs Thus, for 
water the ratio is, very nearlj Arbacia 1, Chaetopterus, 4, Cumxngta, 4, 
Oslrea, 6 

Ethylene glycol penetrates three of the cells m approximately the same ratio 
as water but for oyster eggs the ratio is probably much higher Diethylene 
glycol has the very high permeabihty of 27 for Osirea, this is ten times the 
value obtained b> Steward and Jacobs for Arhacia (8) 

Glycerol penetrates mto the Arbaaa egg at an extremely slow rate, hence 
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accurate detenniuations of time required to attam mimmum value are difBcult, 
and the present permeability value must be regarded as an approximation 
But Chactopterus is freely permeable to glycerol, more permeable m fact than 
IS Arbacta to the readily penetrating ethylene glycol Oslrea, by contrast, is 
only three tunes as permeable as Chaetopterus Taking the value for Arbaaa 
as sufficiently accurate for obtainmg ratios, we find the foUowmg Arbaaa, 1, 
Cliaeloptems, 210, and Oslrea, 690 

From these several comparisons it becomes evident that the relative ease 
of penetration of water is not paralleled by permeability to solutes For every 
solute, as weU as for water, the permeabihty of the four kmds of cells is specific 
This findmg is m harmon}’' ivith observations made on other kmds of livmg 
cells (9) 


TABLE m 

Comparahve penneabiht)’- to water, and to ethylene glj col, diethylene gljcol, and glycerol 
Values for water are given in //tVatmosphere, they are computed from the course of 

swelhng by equation 3 (1st method), and from the course of shnnLmg bj’’ Jacobs method 
(2nd method) Permeabihty constants for the solutes are m mols X 10~^Vnnn /fi~/mok 
per hter All values are based on measurements made by the diffrachon method at a tem- 
perature of 22“ ± 0 5“C , values for Arbacta, C/iaeloplcrus, and Cumtiigta have been taken 
from previous pubhcations (2, 4) 


1 

Kind of egg 

1 

Water 
(1st method) 

Water 

(2nd method) 

Ethylene glycol 

Dieth 

jlene 

glycol 

Glyc 

erol 

Arbacta 

0 10, 0 12 

0 17 

3 5 


0 03 

Chaelopterus 

0 44 

0 46 

14 3 


6 3 

Cumingia 

0 46 

0 41 

15 6 



Oslrea 

0 60 

0 6,0 7 

1 

1 

(Very rapid 
penetration) 


20 7 


SUMMARY 

Investigations of the osmotic properties of oj^ter eggs by a diffraction 
method for measurmg volumes have led to the foUowmg conclusions 

1 The product of cell volume and osmotic pressure is approximately con- 
stant, if allowance is made for osmotically mactive cell contents (law of Boyle- 
van’t Hoff) The space occupied bj'- osmotically mactive averages 44 per cent 
of cell volume 

2 Volume changes over a wide range of pressures are reversible, mdicatmg 
that the semipermeabihtj^ of the cell during such changes remains mtact 

3 The kmetics of endosmosis and of exosmosis are described by the equation, 

^ = K S (P—Pc), where dV is rate of volume change, S, surface area of 
dl j 

cell, (P—Pc), the difference m osmotic pressure between cell mtenor and 

medium, and K, the permeabihty of the cell to water 
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4 Permeability to water during endosmosis is 0 of water per mmute, per 
square micron of cell surface, per atmosphere of pressure The value of per- 
meability for exosmoais is closely the same, m this respect the egg cell of the 
cyster appears to be a more perfect osmometer than the other marine cells 
which have been studied Permeability to water computed by the equation 
given above is m good agreement with computations by the entirely different 
method devised by Jacobs 

5 Permeabihty to diethylenc glycol averages 27^2, and to glycerol 20 7 
These values express the number of mols X 10“® which enter per mmute 
through each square micron of cell surface at a concentration difference of 1 
mol per liter and a temperature of 22^C 

6 Values for permeabihty to water and to the solutes tested are considerably 
higher for the oyster egg than for other forms of manne eggs previously ex 
ammed 

7 The oyster egg because of its high degree of permeabihty is a natural 
osmometer particularly suitable for the study of the less readily penetrating 
solutes. 
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ON THE PRODUCTION AND USE OF PERMANENTLY ALTERED 
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I 

The nature of the dynamic organization of the ■v’anous chemical units found 
within the hving cell by use of in vtiro n^thods is obviously one of the more 
important steps in the mveatigation of the metabohe machmery of the r^ll 
In the attack, on this aspect of cellular biochemistry it is obviously desirable 
that the cell remain ohve (intact) during the course of experiments designed to 
reveal the in erw interrelationships of the components of its vanous metabohe 
systems Unfortunately few erpenmental procedures are available which are 
defimtely known to fulfill this condition. 

A most valuable tool for the in vxoo attack on mechanisms of cellular metab- 
olism has been, thus for, the socalled specific” inhibitor The use of such 
compounds as KCN CO, NaF, and lodoacetic aad to block certain enzymic 
activities within the hving cell has provided data which imtiahy guided the 
isolation and punficabon of vanous cellular enzymes and the tn vUro recon 
stmetion of our present models of cellular metabohe mechanisms Some of 
these inhibitors, however, were found to be non specific m their action^ thus 
Itmittng their usefulness for the in vivo attack on metabohe mechanisms 
Cyamde, for example m a range of moderate concentrabons reversibly blocks 
the cytochrome — cytochrome-oxidase complex and inhibits oxygen consump- 
bon In a range of low concentrations however, cyaiudc may sbmulate 
o^^n consumpboE and bring about a marked increaBc m the rate of resplra 
bon (See Commoner, 1940, for details and for other examples ) 

The following properbes of specific inhibitors have also limited theu* general 
usefulness 

(o) The inhibitor may form an macbve complex with certam extracellular sub 
strates employed in the experiments (Green and Williamson 1936) 

(6) An inhibitor may simultaneoualy affect more than one metabolic system withm 
the cell even in expenmenta made under conditions which are believed to Isolate ’ 
smgle metabohe activibes. Cyamde for instance has been shown to produce a 
distinct inhibition of fermentation as well as respiration m yeast held under non 
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proliferating conditions in sugar-containing phosphate buffer solutions (Warburg, 
1925 b) 

(c) The possible reversibility of the inhibitory effect in the course of an experiment 
may be an added complicating factor For cyanide it has been shown that the perma- 
nence of the inhibitory effect depends on the concentration of the inhibitor and the 
tune It remains in contact with the cells (See Warburg 1925 a, Buchanan, 1926 ) 

(d) The slow penetration of the inhibitor into the cell may produce an effect which 
IS a function of tune (for cases mvolvmg lodoacetate inhibition see Saslow, 1937, for 
fluoride inhibition, Runnstrom and Sperber, 1938) 

(e) It IS techmcally difficult to maintain a constant concentration of such inhibitors 
as HCN dunng the course of experiments With cyamde, compensation must be 
made for the tendency of HCN to distill out of experimental cell suspensions mto the 
alkalme CO 2 absorber used in measunng the rate of O 2 uptake (Krebs, 1935, Robbie, 
Boell, and Bodme, 1938) 


n 

A method of circumi'-enting some of the difficulties encountered m working 
with inhibitors has been on trial in this laboratory for several years The 
method consists of treating a strain of yeast during cell prohferatibn with a 
specific inhibitor until a new stable strain of yeast possessing charactenstics 
different from those of the original (parent) stram, and capable of maintainmg 
the altered characteristics m the absence of the inhibitor, is obtained Our 
techmque was adapted from the earlier work of Meissel (1933) For other 
contributions on the effect of inhibitors on proliferating yeast see Pett (1936), 
and Yoshikawa (1938) 

Oiir first attempt with KCN as the mochfymg agent has yielded a pure sub- 
strain which exhibits metabohc properties generally charactenstic of yeast 
cells poisoned with KCN under non-prohferatmg conditions The particular 
charactenstics of this strain have remained constant for a penod of 5 years 
dunng cultivation on media free from C 3 mmde 
Our cyamde substrain does not have cytochrome activity, accordmg to the 
tests employed, and is apparently entirely lacking m certam components of the 
enzyme complex beheved to be responsible for the major portion of the oxj^gen 
consumption of its parent stram A final pronouncement on this point de- 
pends, however, on the development of a satisfactory extraction and assay 
method for the cytochrome-oxidase component of yeast cells 

The disappearance of cytochrome-oxidase activity upon proliferation of the 
cells in contact with cyamde mdicates a non-reversibihty of the action of 
cyamde This has not previously been defimtely estabhshed by expenments 
under the usual non-prohferatmg conditions It thus appears from our 
results that cyamde can bnng about a temporary (reversible) inhibition of 
oxidase activity under non-prohferatmg conditions whereas, under prohferatmg 
conditions it acts irreversibly destrojang the abihty of growmg cells to synthe- 
size cytochrome-oxidase in an active form or at all 
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The exact nature of the action of cyanide m bnngmg about the pennanent 
(genetic) alteration has not been investigated as yet, neither have we studied 
the posslbflity of replacing the altered, or lost, enxyme units by (o) culture 
procedures (see Lwoff 1933), (6) the addition of vanous isolated cell compo- 


TABLE I 

Compariion of llttoMk Ckamcicmiioi of iU Parixl SUoin tntt Thou of tU Cycnid* 
Satatrtunof Y$ast 



Cv*ald« nbstnfa 

Putat stnia 

Respiration 



0^ in 5 per cent dectroae 

4 r 

31 8 

Fennentatlon 



(Q& - Qg) 

238 5 

156 S 

Anaerobic 

248 8 

192 8 

Cytochiumc-oxidase testa* 

Negative 

1 Positive 

Cytochrome c ahsorpdoa bauds 

Do not disappear In oxygoi 

Disappear fa oxveen 

Catiluetcst 

Poailivo 

Positive 

Glucose ddtydxDgenase testf 

Tositivt 

Positive 

Effect of InhJbltoo on reiplratloa 



KCN 

No effect 

1 Complete fahlbitian 

NaN, 

1 No effect 

Complete fahlbldoD 


* P ro ce dorq employed were those of KdUa (1925) (a) NsxU mgeot, Q>) maocmetric 
mrthfid employing /^phenylenediAmtne hydioddodde 

t Anaerobk methylene bhie procedure cuned oct Id Thunbetf tubes. The dehydrogenue 
tcUvity wu the eeme In both ttralns 
Aidoniitn. — 

Prodttctic» cf ti* Cyanids-Suhitroin 

The procedure employed darmg 1935-36 fa obtnfamg our cyanide mbttrefa was brfe^ u 
follow* Cell* of e pure strain of SaaAonrwycet ctrevtsitu Hansen (American Type Culture 
CoDtttian No i360) originally derived Irom o amgle cd4 seeded into U per cent Dlfco 
malt ertract broth containing an Initial KCN conceotrmfaon of ic/1000 Tlie coltore wu 
facabaled for 48 hour* at 2S'C then washed on the ctntnfuge with iterfle u/IS KHjPO< 
and fubcnltuied m a modified William* medium (see Castor 1939) After a *erle* of liquid 
nbculturea 3 single ceQ Isolabons were made and each one maintained OQ agar slants Since 
the respiratory metabolism of the yeast from each isolation was found to be tdwirtrat ^ finally 
selected one of the pure lines and have tubiequenlly carried It on agar slants. Pure culture 
conditions were rigoro us ly maintained throughout all the procedures. 

Tlie results on the cyanide suhstrain reported fa Table I were recently obtained on yeast 
grown, fa a liquid sabailtnie. 

nents dunng non proliferatmg coudiUons (Ogston and Green, 1935), or (c) the 
genetic methods developed for yeast by Winge and Laustsen (1938) These 
aspects of the problem will be the subject of future investigations 
The absence of cytochrome-oxidase and cytochrome c activity m cells of 
the cyamde substnun, together with the presence of a small cyomde- and ande- 
stable respiration (about 15 per cent, of the respuatioD of the parent strain) 
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makes this new strain of yeast of considerable value for direct tests of the r61e 
of flavoprotein in cyanide-insensitive respiration It should also be useful 
for investigations of the \n vivo activities of the cytochrome components a and 
b Other examples of its advantages in investigations of intracellular meta- 
bohc mechanisms wih readily suggest themselves 

m 

The inhibitor-produced substram of yeast thus makes available an unlimited 
supply of cells which possess a range of metabolic charactenstics, and pre- 
sumably an in vivo chemical organization, markedly different from that of its 
parent strain of yeast More important, however, is the possibihty of analyz- 
mg these cells, either directly by chemical methods, or indirectly by physiologi- 
cal methods, for their component enzyme systems without destroymg the 
altered strain of yeast, and especially, without interference from the chemical 
agent originally employed m the modification 
It IS our plan, as time piermits, to attempt the production of other strains 
of Saccliaromyccs cerevisiae and other yeasts by use of various specific enzyme 
poisons and various physical agents which modify cellular metabohsm It is 
hoped that by this method we will be able to delete from, or modify in, the 
cell its vanous constitutive enzymes or enzyme systems and ascertain their 
probable r61e m the chemical organization of cells of the parent strain It 
should be noted, of course, that the characteristic metabolic activities of the 
"normal” parent cells depend upon the usual functional organization of the 
full complement of the component enzyme systems of the cell Changes m 
metabohc charactenstics produced by the ehmination or alteration of any 
cellular component may be not solely the expression of the loss of a particular 
enzyme umt, but rather the expression of a fundamentally new dynamic 
organization resulting from the deletion In the latter case the results ob- 
tained by this program of research would be at variance with the usual tn 
vitro reconstructions So far, however, the results obtained with our cyamde 
substram are in accord in most essentials ivith the m vitro reconstructions of 
Keihn and Warburg 
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THE VISUAL SYSTEMS OF EURYHALINE FISHES 
Bt GEORGE WALD* 

{From the Btolopad LahorolorUs of Barocrd Umvertiiy, Cambndie') 
(Recei\’ed for pubUcatfoD July 8 1941) 

The red photosensitive pigment rhodopsin participates with the carotenoids 
retmenei and vitamm Ai m a cycle found almost universaily m the rods of 
vertebrate retinas. All t er restrial vertebrates and all marme fishes so far eJ 
amined except the Labndae possess this system. The true freshwater fished, 
however, have evolved a different retinal cycle, compounded of the pnrpte 
photopigment porphyropsm, with retmenei and vitamm Ai (Wald, 1936-39) 

For this reason a special mterest attaches to the situation m the euryhahne 
fishes, which, though usually restneted in spawning either to the sea (catadrom 
ous) or to fresh water (onadromous) can exist otherwise m both environment 
One may expect a distmctive distribution of visual tystems withm this 
group, and these animals alone, since they pass readily from one environment 
to the other, permit a test of whether the visual tystem is fixed genetically or 
vanes with the history of the individual. 

A survey of the eye and hver vitamins A of several euryhalme fishes has al 
ready been reported (Wald, 1938-39o) The retinas contain either mixtures 
of both vitamins A, in which that commonly associated with the spawmng 
environment predominates^ or exclusively the spawning type of vitamm A- 
The vitamin A configurations of both eye tissues and liver are primarily deter- 
mmed genetically, and are relatively independent of the environment 

The present paper is concerned with an examination of the visual systems 
of certam euryhalme fishes the anadromous salmomds, white perch and 
alewife, the catadromous cel and the Irillifish, which verges on the catadromous 
condition. 

I MeShods 

The methods used in this investigation are identical with those desenbed previously 
(Wald, 1936-39) Photopigments were extaded with aqueous digitomn solubon 
from dart- adapted retinas previously hardened with alum and neutrahxed with 
phosphate buffer The absorption plectrum of rhodopsin prqjared m this way ifl 
maxunal at about 500 mp that of porphyropsin at about 522 m^ 

• This research was supported in part by a grant from the Milton Fund of Harvard 
Umversity I am indebt^ also to Mr J Arthur Kitson of the Division of Fishene^ 
and Game Department of Coascr^'atIoa of the Commonwealth of Massachusetts, 
for gifts of live pond and hatcheries fishes. 
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The carotenoid components of the retinal c^cde ^ere examined m a standardized 
procedure, which yielded the data shown in Figs 1, 2, 4, and 6 Returns were ex- 
tracted by shaking with petroleum ether (benzme) in three smgular states (1) dark 
adapted, (2) mimediately on exposure to bnght hght, T^hich bleaches the photopig- 
ments to orange products, and (3) after 1 hour at room temperature follo^\ing irradia- 
tion, dunng which the retinas fade to colorlessness In stenohahne manne or fresh 
water fishes respectively, the dark adapted tissues >neld small residual amounts of 
either vitamin Ai or A 2 The just irradiated retinas 3 aeld large quantities of retmenei 
or retmene;, hberated in the bleaching of photopigment Extracts of bleached and 
completel}' faded retinas contain large amounts of ntamms Ai or Aj, formed from the 
retmenes dunng the fadmg process In each case, the benzine extract was trans- 
ferred to chloroform and tested bj mucmg with antimon} chlonde reagent In this 
reaction, the retmenes and mtamins A jueld blue colorations due to absorption bands 
m specific positions retmenci at 664 m;i, retmene; at 705 mp, mtamin Ai at 615-620 
mju, and vitamm A; at 693-696 mft 

All spectra but those of Fig 7 were recorded automaticallj' with Hardj ’s photo- 
electnc spectrophotometer at the Massachusetts Institute of Technologj The 
spectra of Fig 7 are transcnptions of similar recordings Absorptions are expressed 
as percentage absorption, 1 — I/Io, m which lo is the madent and I the transmitted 
mtensity , or as extinction or optical densit} , log h/I 

II Sahnoiitds 

Members of three different genera of the family Salmomdae have been 
exammed the brook trout, Salvehnus fontmahs, the rambow trout, Salmo 
tndeus, and the chmook or kmg salmon, Oncorhy nchus tschawylscha All these 
fish are anadromous and hence potentially migratory All of them, however, 
can, and on occasion do pass their entire hfe cycles without detriment m fresh 
water They are to be regarded as fresh wrater fishes w'hich — smce eur}'halme — 
can migrate seaward The chmook salmon performs this migration commonl> , 
the brook trout more rarely, becommg m the process a sea trout, and the ram- 
bow trout most rarely of all It should be noted, however, that the fish used 
m the followmg experiments were obtamed from a hatcherj’’, and had ne^"er 
left fresh water 

These fish aU possess mixtures of the rhodopsm and porphyropsm systems, 
predommantly the latter This is shown most clearly m tests of the retmal 
carotenoids Data from the brook trout and salmon are shown m Figs 1 and 
2, those from the rambow trout are very sunilar m appearance Extracts of 
dark adapted retmas, tested with antimony chloride, jneld low absorption 
spectra, displaying a small vita mm Ai inflection at about 620 mp and a much 
higher vitamm A; band at about 696 mp (Figs 1 and 2, curves a) Smular 
extracts of just irradiated retmas m which the photopigments had been bleached 
to orange products yield high, pecuharly broad bands, maximal at 686-691 mji, 
due to felon of the absorption bands from retmenei and retmene;, at 664 and 
705 mp respectively (curves h) Bleached retmas which had been allowed to 
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fade before e-ttraclion >jeld hjgb double-banded absorptions, display mg a Jorge 
vitamm At and a smaller ^ntamln Ai component (curves c) The location of 
the vitamm Ai band on the shoulder of the vitamin At absorption shifts its 
maximum somewhat toward the red The proportions of both vitarains m 
these extracts ha-ve aI^ead^ been reported (Wald 1938-39 a) Clearly both 



FIg 1 Spectra of the antimony chlonde reaction mth benrmc extracts of seven 
chmook salmon retinas (a) dark adapted (6) on irradiation with bnght da\ light and 
(c) after 1 hour at room temperature foUor\ing irradiation 


of them, but predominantly vitamin Aj participate actively m the retinal 
cycles of these fishes 

The duplex character of these vnsual sv'stems is reflected also m the absorp- 
tion spectra of their photopigmcnts (Fig 3) The photopigment absorption 
niaxima occur at 510-515 mp approximately halfway betu een those of rhodop- 
sm (500 mp) and of porphyropsm (522 ra/i) They represent mixtures of both 
pigments 

The blcacliing of brook trout photopigment is also shown in Fig 3 This 
IS intermediate at all stages between the bleaching of rhodopsin and of por 
phxTopsm described previously (Wald 1937-38, 1938-395) 
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III EcI and Kilhfish 

The so called freshwater eel, Anguilla rostrala, is a typically catadromous 
fish It spawns in sea water of great depth and salinity, and ordinarily enters 
fresh water after more than a year of marine existence Its history therefore 
IS directly the reverse of that of the salmonids — it is essentially a marine fish 
which euryhalimty permits to migrate into fresh water 
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Fig 2 Spectra of the antimoii}" chloride reaction with extracts of seven brook 
trout retinas Othen^ ise as in Fig 1 Cun^e a is raised above its correct level due to 
turbidity of the solution 

The eel, like the salmonids, possesses a mixture of the rhodopsin and por- 
phyropsm systems, but in reverse proportions This is demonstrated in Fig 4 
Each of the spectra in this figure resembles a mirror-image of its analogue m 
Figs 1 and 2 Curves a and c display the bands of both vitamins A, m tins 
case with the Ai band dominant and m the correct position, while the Aj band 
IS shifted toward shorter wavelengths by its location on the rising limb of the 
Ai absorption Similarly, the maximum of the fused band of the retmenes 
(curves c) occurs m this case at 672-674 mu, close to the band of the dominant 
retmenei 
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Absorption spectra of eel photopigment solutions are shown in Figs 5 and 7 
Though these preparations contain an admixture of porphyropsm, their maxuna 
occur at 498 and 502 mp within the range of rhodopsm maxima The bleach 



Wa ve/eng^h-- m// 

Fig 3 Spectra of photopigments from salmonid retinas All these fish were 
vearimgs, about 7-8 inches long The total extracts m 4 cc, of digitonin solution 
were measured m a layer 1 cm thick- I Eight chinook salmon retinas. U Six 
rainbow trout retinas HI o six brook trout retinas. This solution was exposed 
to bright light for J minute and its spectnim thereafter re measured In darkness, 
6 at 1 7 mmutes c at 4 5 d at 13 7 and e at 60 5 minutes (26 7 C ) /is the control 
spectrum of the solvent alone. 

mg of eel photopigment, shown in Fig 5, also closely resembles that of 
rhodopsm. 

It 13 dear that the eel, m accord with its catadromous nature possesses a 
mixture of both the rhodopsm and porphyropsln systems, with a great pre- 
dommance of the former 
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The Jvillilisli, Ftmdiilus hdcrochtus, is remarkable in being eurylialine both 
as embr3'0 and adult Indeed its embr}^ is reported to develop and hatch 
normall}'^ even in distilled water (Loeb and Cattell, 1915) Conceivably, 
therefore, this fish might spawn in either salt or fresh water, and so cannot be 
classed strictly as either anadromous or catadromous ^ Actually it inclines 
markedly throughout its life C3'cle toward the sea It is commonly regarded 
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Fig 4 Spectra of the antimony chloride reaction w ith extracts of seven eel retinas 
Otherw ise as in Fig 1 Due to fluctuation in the spectrophotometer record, curve b 
was re-drawn 

as marme, and only rarely penetrates to fresh wmter I know of no record of 
Its spawmng in fresh w'ater Ordinaril3'- it maintains a stable if equivocal 
position close to shore and in tidal parts of streams, and this appears to be due 
as much to a predilection for shallow as for brackish winter {cf Bigelow and 
Welsh, 1924) In fresh water m the laborator3q it usually survives only a 
matter of several w eeks, but this circumstance is complicated by its great sus- 

iDr E N Mamer of Ohio State Unnersitv informs me, however, that he has 
attempted to fertih7e Fund ulus eggs in tap water w ithout success, apparent!} because 
this medium rapidli inactnates the sperm 
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ceptibJit} while m this medium to fungal attach, notably bj Safn^eima 
(Sumner 1905) Among euryhalme fiahea it is certamlj much closer to the 
catadromoua than to the anadromoua wa> of life. 

The tnaual aj-atem of Fimdutm cloaelj resembles that of the eel A spectrum 
of Its photopigraent waa published among those of permanent!} marme fishes 
before its peculiar status had been appreciated sigmficantl} m this collection 



Fig S I a Spectrum of photopigment from the retinas of a smglc eel, 26 inches 
long m 4 cc ol digitonm solution measured in a 1 cm la\ er FolIcmTng 20 seconds 
exposure to bright light the spectrum nas re measured m darkness J at 1 5 minutes 
cat40 ifatOJ rat 177 and/at37 minutes The preparation was re irradiated 
or 20 seconds and at 39 5 mmutes i raided cun-e i (pH 6 3 27'C ) II a Spectrum 
of photopigment from ten UUifish This preparation was irradiated for 30 seconds 
and spectra re drawn in darkness hatJ7 rat40 and rfat 31 minutes (pH 7 0) 


of otherwise pure rhodopsin spectra that of Fvndulm occupies the extreme long 
wavelength position with a roa-nmum at 502 mp (Wald 1937-38 Fig 1) 
The spectrum of another preparation ma-ximal at about 505 mp, b shown in 
Fig 5 Fundulus spectra ui general vary n ithm about the same range as those 
of the eel (Fig 7) That they represent routures of both rhodopsin and por- 
phyropsm a shown b} examination of the reUnal xtUmms A An extract of 
bleached and faded retinas tested with anbmony chloride daplays the bands 
of both vitamms Ai and At with the former great!} predominant 




242 


VISUAL SYSTEMS OF EURYIIALINE FISHES 


IV While Perch and Alewife 

The white perch [Moronc americana) and the alewife {Pomoldbus fsetido- 
harcngus) are typically anadromous Unlike the salmonids each of them 
possesses close relatives among permanently marine forms The visual sys- 
tems of two of the latter have already been described the black sea bass, a 
serranid like the white perch, and the common herring, a clupeid like theale- 
wife (Wald, 1936-37, 1938-39 a) Both possess pure rhodopsin systems It 
is all the more remarkable that their anadromous km display precisely the 
opposite situation 



Fig 6 Spectra of the antimony chlondc reaction with extracts of six white perch 
retinas Otherwise as in Fig 1 


The photopigment of the white perch retina has already been examined 
(Wald, 1938-39 It possesses the usual properties of porphyropsin (Fig 7) 
That It includes no admixture of rhodopsin is confirmed by examination of the 
carotenoid cycle (Fig 6) This reveals bands due only to vitamin A 2 and 
retinene 2 , with no trace of their analogues in the rhodopsin system 

In the alewife only extracts of light adapted retinas to w'hich the pigment 
epithelia were attached have been examined They show' the presence of 
vitamm A 2 alone, w ith no trace of Ai (Wald, 1938-39 a) This observation has 
been confirmed repeatedly w ith fish taken from brackish water at the beginning 
of their spawming migration from the sea, and therefore in a condition which 
might maximally favor the presence of vitamin Ai 
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\ DISCUSSION 

It may be concluded that many eurjdialme fishes give retinal evidence of 
their euryhalmity m possessmg mixtures of the rhodopam and porphyropsm 
systems, and of their anadromoua or catadromous natures m havmg predom 
inantfy the system ordmarily associated with the spawmng environment. The 
latter tendency is pursued to completion m fishes like the white perch and 
alewife, which possess the spawning type of visual system alone, A remark 



Fig 7 Spectra of photc^Igmcnts from vanous fishes, fflostratlng the transition 
from an adnsivcly rhodopsin to an cicluBivcly porphyropsm system. The per 
manently manne dogfish possesses rhodopsin alone the catadromous eel and ap- 
proximately catadromous tflllfidi predominantly rhodopsin, the anadromous bro^ 
trout predonmiantl> porphyropsm and the anadromous white perch porphyropsin 
alone. 

able parallelism obtains, therefore, between a graded senes of saluuty relations 
and of retinal components This is illustrated m Fig 7 Begmning with 
rhodopam from a permanently manne clasmobranch, the spectrum of retinal 
photopigmcnt precesses regularly toward longer wavelengths in preparations 
from the eel, a manne fish which migrates mto fresh water, the k ill i fish , a stable 
brackiah water form, the brook trout, a fresh water fish which enters the sea, 
and the white perch, an anadromous fish which has completed the transition to 
porphyropsm 

It i« important to recall that the Labridae, all pennanently marme, consti 
trite one already known exception m this distribution The retinas of the tautog 



244 


VISUAL SYSTEMS OE EURYHAXINE FISHES 


{Tautoga omtis) and airmtr {Tautogolabrus adspersiis), like those of anadromous 
forms, contam a great predommance of vitamin As ^Vald, 1938-39 a, unpub- 
lished observations) Yet both are obhgate marine fish I have confirmed 
Sumner’s observation (1905) that both species die within several hours m fresh 
water The linkage between osmotic habit and type of vitamm A metabolism, 
therefore, while remarkably complete, is not absolute 
These patterns are genetic, and to a first approximation m dependent of the 
environment (Wald, 1938-39 a) The duplexity of visual systems of sahnomds 
raised exclusively in fresh water, the great predommance of rhodopsm m the 
eel after years of fresh water existence, and of porphyropsm m the permanently 
marme Labridae, the directly opposed systems of the closely related herring 
and alewife after long periods m the sea, and other similar observations aU lead 
to this conclusion Whatever genetic factors govern the sahmty relations of 
these animals simultaneously determme the composition of their visual systems 
The latter have therefore a phylogenetic rather than an ontogenetic signifi- 
cance In this sense, it is possible that the euryhahne fishes represent transi- 
tional stages m evolutionary migrations between fresh water and the sea 
This view, if vahd at aU, furnishes no hmt of the direction of migration Dis- 
regardmg other types of information, the eel for example might equally well 
be regarded as a marme fish which has become euryhahne preparatory^ to its 
transition to fresh water, or as a fish which, havmg all but completed migration 
to the sea, retams euryhahmty as a vestige of previous fresh water existence 
Fmally the euryhahne fishes provide a retmal situation of pecuhar theoretical 
mterest for color vision Rhodopsm and porphyropsm, both rod pigments, 
probably play no direct role m this function, yet they provide an exact model 
of the kmd of variation m visual systems which should meet the peripheral re- 
quirements of hue discrimination (Wald, 1938-39 i) The model is completed 
in those euryhahne fishes which possess mixtures of both systems In this 
respect, though possibly m no other, these animals have satisfied one basic 
requirement of dichromatic vision 


SUMMARY 

1 The retmas of all marme fishes so far exammed except the Labridae, and 
of aU terrestrial vertebrates contam the rhodopsm system alone, those of fresh 
water fishes the porph 5 uopsm system alone In the present paper the visual 
systems of a number of euryhahne fishes are examined — fishes capable of 
existence m a wide range of sahmties, though usually restricted m spawnmg 
either to the sea (catadromous) or to fresh water (anadromous) 

2 The retmas of the anadromous sahnomds (brook trout, rambow trout, 

and chmook sahnon) contam mixtures of the rhodopsm and porphyropsm 
S 5 ^tems, predommantly the latter The retmas of the catadromous eel and 
the also contam mixtures of both systems, but m reverse proporbons 
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The retinas of the anadromous white perch and alewife contain the porphy 
ropsin system alone 

3 There is therefore an eitensive parallelism between the salimty relations 
of these animals and the composition of their visual systems All of them 
possess predominantly or exclusively the visual system commonly associated 
with the environment in which the fish spawns. 

4 These patterns are fixed genetically, and are to a first approximation in 
dependent of the history of the mdividoaL They may represent transitional 
stages m the evolutionary migration of fishes to and from the sea The pres- 
ence of both types of visual system m the retmas of some euryhalme fishes mci 
dentally satisfies one formal requirement of two-component color vision. 
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THE EFFECT OF TEMPERATURE AND OF LYSIN 
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This paper, which contains a continuation of work desenbed m two others 
(Ponder, 1939, Ponder and Hyman, 1939), falls into two parts. The first 
deals with the effect of temperature on the magnitude of the acceleration of 
hemolysis, the second deals with the behavior of the "acceleration constant" R 
when the asymptotes of the time-dilation curves for the standard system and 
for the accelerated system are approached, and with some cunoua relations 
whkh arise. 


1 The Effect of Temperaiure 

To find the effect of temperature on the acceleration of hemolysis produced 
by benzene derivatives, I have set up systems containing 0 8 cc. of various 
dflutions of s^nm (1 m 10,000, 1 in 20,000, etc.), 0.8 cc of saline (1 per cent 
NaQ), and 0 4 cc of a standard suspension (the thnee washed cells of defibn 
nated rabbit blood finall y suspended m 20 cc of saline) The times for hemol 
ysis in these ^tems give the standard curve (S m Fig 1) A second set of 
systems is set up, the only difference being that 0.8 cc of an accelerator (c g 
10 mM/1 benzene) Is substituted for the 0 8 cc of saline m the s ta nda r d sys^ 
terns The times for complete hemolysis m thw second set of systems give the 
accelerated curve (A m Fig I) 

Standard curves and accelerated curves can be obtained at different tern 
peratures by using a senes of water baths (12°C , 25*0 , 39°C , etc ), in this 
way all the observations can be made on one sample of blood The curves are 
subsetjucntly analyzed, and Fig 1 shows in a general way how F, a constant 
which measures the acceleration, is obtained (see Ponder, 1934 j) 

The results for three quite powerful accelerators are shown m Table I It 
should be pointed out that the values of R which are given are those m the 
range in which R is constant, and m which the concentration of lysm is rcla 
tively great (see below) Each R value represents the mean of from 5 to 7 
points on the curve AH the accelerators were in solution in 1 per cent NaCl 

* Thii investigation was carried out under a grant from the Simon Baruch 
Foundation 
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In each case the value of R shows a negative temperature coefficient Since 
the evidence is that the acceleration of lysis takes place m the neighborhood of 
the cell surfaces, and smce the amount of acceleration is generally proportional 
to the amount of accelerator, the result points to the accelerators bemg concen- 
trated at the cell surface by a process which has a negative temperature coeffi- 
cient (followed by a combination with membrane components and with lysm) 

c (5,1 in 



Fig 1 Ordinate, lysm dilution and concentration m imcrograms, abscissa, tune m 
mmutes Standard time-dilution curve marked S, and accelerated curve marked A 
The dotted Imes show two concentrations which produce lysis m the same time, from 
the ratio of which R is denved 


TABLE I 


Substance 

Concentration | 


25'C 

12*C 

Benzene 

mall 

10 

Wm 

1 

0 67 

n 

Indol 

1 


0 32 

WSEM 

Nonyl alcohol 

0 5 

■9 

0 62 

■9 


This agrees with conclusions 4 and 5 m a recent paper (Ponder, 1939), mz , that 
benzene is concentrated at the red cell surface, that it can be washed off without 
leavmg permanent effects if the washmg is done immediately, but that ir- 
reversible effects remam if some tune is allowed to elapse before the washmg 
Indol IS concentrated similarly 

2 The Effect of Lysm Concentrahon 

If one uses a lysm such as sapomn together with a powerful accelerator such 
as saturated mdol, one can plot a standard tune-ddution curve for the saponm 
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alone and an accelerated cur\'e for saponin plus indol, and so one ran measure 
the acceleration bj e\'aluatmg R m the usual way It w31 then be found that 
R IS substantially constant while the concentration of lysm is greater than the 
concentration correspondmg to the asymptote of the standard curve, but that 
when the concentration m the system is less than the asymptotic concentration 
for the standard cur\'e, when there is not enough lysm to produce Ivsis 
per ze m the absence of the accelerator, the value of R falls off towards unity 
The limit of the analysis is obviouslv the asymptote of the accelerated tune- 
dilution curve 

This is shovm m Table U and in Fig 2 This figure shows the sharp change 
m direction of the curv’c m the nei^borfiood of a lysm concentration corre- 
spondmg to the asymptote of the standard curve (22 7 ) What impresses one 
IS that from a lysm concentration present m the system ongmaDy, and upon 
which mdol acts as an accelerator, of 2(XX)7 to about 337 the acceleration, as 
measured by R, is constant and the values fall on a vertical straight Ime, while 
aH but one 01 the pomts below 337 fall on another straight line passmg through 
the ongm i? « 1 0 On general pnnaples, I do not think that the results are 
really represented bv two such straight lines, for this mvolves the idea of 
complete discontmuity but m the first instance it is convement to treat them 
as if they were. 

Call the concentration of lysm in the standard system c. If no accelerator 
IS added plotting values of l/c, agamst the times which they take to produce 
complete hemolysis gives the standard time-dflution curve If an accelerator 
13 added, the concentration of ly’sm, as judged by the time for complete hcmol 
ysta, appears to be not c,, but the smaller a^ncentration c, which is accelerated 
or ^‘potentiated” by the accelerator Let 

cJc,-~R ( 1 ) 

While c.>c« (the asymptotic concentration of the standard curve) is a 
constant JJ*, but when Co <CHi mcreascs as c« decreases the acceleration 
becomes less. The v-alues of c. now he on the straight line passmg through 
i? » 1 0 If the slope of the Ime is -= (c«/l — 

Uo) 

and 

JE-(l-c^i) (2b) 

or 

K - 1 - c,(l - (2 c) 

and so 

c - cd - (3) 

There must be one value of Ca which makes Co *= m expression (3) , there 
must be one concentration of lysm which, when accelerated bv the added mdol. 



TABLE n 


Dilution 1 in 


10,000 

20,000 

30.000 

40.000 

50.000 

60.000 
80,000 

100,000 

120,000 

140.000 

160.000 


I, min standard 


0 167 

0 50 

1 4 

2 5 
5 5 

13 0 
40 0 
>120 0 


/, mm + indol 


0 058 
0 109 
0 183 
0 268 
0 350 

0 535 

1 0 
3 0 

17 0 
40 0 
100 0 


0 37 
0 35 
0 35 
0 35 
0 34 
0 35 
0 38 
0 43 
0 54 
0 57 
0 60 



Fig 2 
Table II 


m 
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appears to be equal to the as>Tnptotic concentratiOQ for tbc standard 
curve,^ This value is 


C.- 1/(1/C^+1A) (4) 

The same conditions must apply to the asjTi^tDtic concentrations as to other 
concentrations less than c,*, so 

ew. “ c^(l - c^k) (5) 

Again there must be one value of which satisfies the condibons, and this 
value is the same as that m expression (4) Subsbtution m expression (5) of this 
value gives Cgm, so the concentrabon of lysln which^ when accelerated, appears 
to be equal to the asymptobc concentrabon m the standard system is the 
asymptobc concentrabon m the accelerated system 


TABLE m 

c . - 227 it, - 0J5 
k - (22/065) - 33J> 



f, T 

< 

(1-/) 

cJR 

m 

22 0 

0 350 

0 650 

63 

1 Oc , 

22 0 

0350 

0 650 

62 9 

0 9€ , 

19 8 

0 415 

0 585 

47 7 

0 8c , 

17 6 

0 480 

0 520 

36 7 

0 7c. 

IS 4 

0 545 

0 455 

28 5 

0 6c. 

13 2 

0 610 

0 390 

21 6 

OSc. 

11 0 

0 675 0 325 

and so on. 

16 3 


To set forth these relabons in a somewhat different way, let us tabulate m 
Table HI the data contained m Table EL 

In an accelerated sj'stcm the concentrabon c, put mto the sj’stem together 
with the accelerator expenences an accclerabon R, and acts as if it were the 
greater concentrabon c cJR (expression 1) Lookmg at the last column of 
Table m, we see that the concentrabon apparentlj acbng ma> be mdefimtelj 
greater than 22r when c, is great, but that, as c, becomes smaller, there comes a 
pomt where Cm/R = 22y, the value of the asymptote c,. of the standard system. 
Expression (4) gives t>n«< value of c,, which is This corresponds to the 

asymptote for the accelerated 5>’Stem, if c, is less than 1333y, the value of R 

1 The nomenclature m the literature Is neither complete!) satisEactory nor used 
nnifonnb' Sometimes ci is used as referring to the standard curv'c and sometimes 
to the curve which is compared with it, and the measurr of acceleabon or inhibition 
is sometimes given as if, sometimes as l/R and sometimes as 1 — if, as may be con 
v’emcnL The nomenclature which I ha>’e used In this paper is mtended to be self 
consistent but even so some of the expressions such as (4) and (5), are \ ery trouble- 
some to denvt. 
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assoaated with it is not sufl5aent to raise its potency to that of 22^, and 
complete lysis never occurs 


DISCUSSION 

The point which obviously requires explanation is that the acceleration i? is 
constant as long as enough lysm is introduced into the system to produce lysis 
per sc, but that if a lesser amount is present the acceleration is reduced m 
proportion 

The simplest way of approaching the explanation which I propose is to begm 
with Gorter’s observation (1937) that the amount of saponm which is just 
enough to produce complete hemolysis is just enough to cover the cell surfaces 
with a monolayer In the absence of an accelerator, this complete covermg 
wiU occur when the concentration of lysin is c,„ or greater, when the concen- 
tration IS less, covering will be mcomplete Now if we assume that an accel- 
erator produces its effect only at regions of the cell surface at which lysm is 
actmg,^ the acceleration wiU be constant for and for concentrations greater, 
but for concentrations less than c,«., where there is mcomplete covermg, the 
acceleration v lU be proportionately reduced This is what is found 

There is, however, considerable doubt as to the mterpretation to be placed 
on Gorter’s observation In 1930 I amved at a somewhat similar result for 
the case of sodium oleate, takmg the mmimum quantity of lysm needed for 
complete lysis on the one hand, and the dimensions of the oleate molecule on 
the other, I foimd that the molecules available for each cell would just about 
cover the cell surface (Ponder, 1930) But, as m the case of Gorter’s result, 
the figure is a maximum value, for a large proportion of the lysm combmes 
with hberated hemoglobm and other cell contents, and the lysm contmues to 
react with the ghosts of the cells which hemolyze first Thus if the total 
amount of lysm needed for complete hemolysis turns out to be just enough to 
cover the cell surfaces, the reaction which results m lysis must take place at a 
smaller surface than the whole surface Further, lysms such as saponm are 
not taken up by the cells immediately, and a considerable proportion is always 
to be found m the suspension fluid (Ponder, 1934 &, 1935), while the photo- 
dynamic lysms erythrosme and eosm, the saponms srmlacm and helleborem, 
and many of the soaps are lytic only m concentrations much greater than 
required to form monolayers at the surfaces of the cells of the systems These 
constitute additional difficulties m the mterpretation of Gorter’s observation 

Alternatively, let us look at the evidence which suggests that lysis can occur 
when the cell surface is mcompletely covered, the membrane breakmg down m 

- The localization of the action of the accelerator at the cell surface is based on quite 
good experimental ewdence (Ponder, 19266, 1939, and the first section of this paper) 

In the case of certain inhibitors the situation is different, for the inhibitor reacts with 
the lysm in the suspension medium (Ponder and (lordon, 1934) 
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spots, and tlie hemoglobin escaping through holes The idea was ongmally 
put forward m 1930 by Abramson, who showed that sheep rells sensitized by 
amboceptor rctam their electrical mobility unchanged although they are 
hemotyzed by the subsequent addition of complement, this led him to suggest 
that the lytic process may be restncted to certam spots on the surface (“key 
spots”)* too fe^v in number to be detected by a change m mobility "This 
hypothesis postulates that lysis takes plaa at isolated pomts on the surface 
rather than b> a uniform change m membrane permeabhity The hypothesis 
does not necessarily infer that these spots are structural umts arranged m some 
pattern and picked out bj the lysin because of their vulnerabihty” (Abramson, 
Gorm, and Ponder, 1940) * Much the same pomt of view has been expressed 
by Abramson, Furchgott, and Ponder (1938) m a paper describmg eaqienments 
which show that the mobUity of rabbit red cells is not altered when they are 
hemolyzed by water, freezmg and thawmg, chloroform, or saponin * 

Before this, however, the same kmd of oandusion was arnved at m a wholly 
different way In 1934 1 published preliminary results of a study of the rate of 
escape of hemoglobin from hemolyzed red ccHs, and shortly afterwards Fncke 
(1934) gave a theoretical treatment in which he denved the permeabiUty of the 
membrane to hemoglobm, ^ function of the time required for a cell to 
lose 90 per cent of its pigment, or the “fading tune ” On the assumption that 
the pigment escapes through N holes of diameter d instead of uniformly across 
the entire membrane, he also obtained the product Nd as a function of the 
fadmg time Ponder and Marsland (1935) then showed that the fading tunc 
15 a fimcbon of the lyam concentration m the case of saponin, and later Davson 
and Ponder (1938) found that even fn the case of hypotonic hemolysis the 
fadmg tune depends on the degree of hypotomaty Ponder and Marsland 
calculated that when the concentration of lyam is great enough the reaction 
between the lysm and the membrane component would be so rapid that as 
much as 10 per cent of the entire membrane might be dismtegrated before the 
end of the fadmg tune, short as it is, but when the lyam concentration is small 
the situation is different. Ponder and Neurath (1937) placed cells m contact 
with monolayers of Ca-stearate, and found fadmg tunes of about 10-15 seconds, 
which are about the same as the fadmg times found for the most dilate saponin 
systems m which complete lysis occurs (Agam GortePs idea of the necessity 
of a monolayer for lysis appears ) But from the fadmg time the permeability 

• The complement fixation process Is probably of a special type, in which the 
taking up of the complement la pTcdetcrmmed by the special positions of the antigen- 
antibody complexes on the surface. 

* They also found that the mobility of oil droplets or quartz particles completely 
covered with saponin (0 1 per cent) is more than twice that of ghosts m the same 
taponin concentration This point should be borne m mind in discu«ing the pos- 
si^ty of monolayer fonnation at the red cell surface 
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of the entire membrane, mh, or Nd, the number of holes of diameter d, can be 
calculated, and for a fading time of 12 seconds Mh = 0 186(10-») cm /sec , or 
Nd = 0 25 n This last figure corresponds to one hole of diameter 2500 A, 10 
holes of diameter 250 A, 100 holes of diameter 25 A, and so on Ponder and 
Neurath suggested 10-20 holes of diameter 250-125A as being the most likely 
to meet the requirements It should be noticed that the combmed area of such 
holes would be less than l/10,000th of the cell surface, and so their existence 
would not be detected by electrophoretic methods Unfortunately, we could 
also have areas of permeability of diameter d and of finite permeability 
mstead of completely permeable holes, for the two possibihties, that of holes 
and that of mcreased permeability of the entire membrane, are not mutually 
exclusive 

There is a close correspondence between these results and those obtamed 
from measurements of conductance (Fncke and Curtis, 1935), for when lysms 
are used m low concentrations the cells, although hemolyzed, behave as virtual 
non-conductors with \’-ery nearly the same capacity as mtact cells This would 
be expected if lysis were the result of the formation of holes the combmed area 
of which w'as of the order of 1/10, 000th of the cell surface Sapomn m large 
concentrations, however, breaks down the membrane so completely that both 
resistance and capaaty disappear 

In the last resort, we have to turn to those cases m which the lysm brings 
about hemolysis m quantities too small to cover the cell surface I have 
already remarked that, despite the results of spreadmg experiments, there is 
considerable doubt as to whether the smallest lytic quantities of sodium oleate 
and of saponm are suffiaent to cover the cell surface with a monolayer, but the 
case of rose bengal leaves no doubt at aU This photodynamic lysm will 
produce hemolysis m a concentration of 10^ m m the light (Blum, 1935), 
takmg an tu viiro hemolytic system with 2 (10®) cells in a volume of 10 cc of 
10^ M rose bengal, we have a total surface of about 2 (10'°) and about 
3 (10®) molecules per fi- If the area covered by each dye molecule is 1,000 
A^*, only about Vsoth of the cell surface would be covered by the dye, even 
if all of it were concentrated at the cell surface, which it is not ® Calculatmg 
sundarly for erythrosm, which produces lysis m a concentration of 10~® m 
m the hght, about Hrd of the cell surface might be covered, but agam this is a 
maximum estimate The same conclusion is amved at by considermg the 

® The shape of the rose bengal molecule when at the red cell surface is not known 
Its molecular weight is about 1000, remembering that the serum albumm molecule, 
with a molecular weight of about 67,000 and some asymmetry, has a surface of about 
9 000 A-, 1000 IS probably an over-estunate of the surface of the dye molecule It 
nmy be mentioned here that there is some legitimate objection to the use of rose bengal 
as an mstance of a lysm which does not cover the cell surface, for the lysis is due, 
stnctly speakmg, to an oxidative process induced by the hght to which the system 
contammg the dye is exposed 
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acceleration of saponin hemolysis, for ben gene and y>-di brom benrene produce 
considerable acceleration when there Is only enough present to cover a part 
of the cell surface, even if all the a^^allable molecules are concentrated iere 
(Ponder, 1939) 

Because lysis occurs at spots or patches m the membrane, and because pig 
ment escapes through holes, it does not follow, however, that the lysin acts 
only at these spots or patches On the contrary, we suppose that it acts all 
over the membrane provided that it is present in sufl&aent concentratbn to do 
so, and combmes with a membrane component or components m order to 
produce breakdown (Ponder, 1926 a, Ponder and Yeager, 1930) If we sub- 
scribe to the all'Or-none law In relation to hemolysis (Saslow, 1929, Parpart, 
1931), the first question is whether there is enough lysin m any given system 


N 



Fig 3 Diagrammatic frequency distribution for resistances of various areas In the 
cell membrane. For explanation, see text 

to break down even one spot In the case of any one red cell, we can suppose 
that the membrane is made up of areas of different degrees of resistance to the 
lysm, and that the resistance of these areas is distributed accordmg to some 
form of frequency curve This resistance is measured by the amoimt of lysm 
X required to br^ down the area, and, for simphaty*B sake, may be thought 
of as the of the membrane at the area under consideration, the thick 

ness varying from area to area There will then be a few areas of least re- 
sistance xi, many of mean resistance Xm, and a few of greatest resistance x,, but 
the resistance xt is not zero, so the frequency distribution will be something 
like that in Fig 3 The lytic reaction, or the “fundamental process,’^ is a 
function of tune, 

dx/dt - *5(c - r)- (6) 

so a tune t must elapse before the quantity of lysm xj b transformed as a result 
of its reaction with the membrane component, and before the weakest areas 
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break down If hemolysis of the single cell is all-or-none, lysis will begm at this 
time, pigment escapmg at such a rate as to give a fadmg time/ Meanwhile, 
even dunng this bnef fading time, the fundamental process is proceeding all 
over the surface, next mvolvmg areas a little more resistant than then areas 
more and more resistant, and, if the concentration c ol lysm is great enough and 
the fundamental reaction fast enough, destroying as much as 10 per cent of the 
membrane component withm the fading time itself (Ponder and Marsland, 
1935) ® After the cell has hemolyzed the reaction continues by the lysm 
combmmg witli the material of the ghost, to cease only when %g has been trans- 
formed or the lysm exhausted ^ In general, the number of holes iY produced 
at any time t can be found by solvmg expression (6) simultaneously with 

N ■= No r Fix) dx (7) 

Jo 

F(x) bemg the frequency distribution referred to a. = 0, and not to as 
ongm 

In any experimental hemolytic sj'stem, of course, the Ijsm is reactmg with 
other cells at the same time Each of these has areas of least resistance xi, of 
mean resistance Xm, and of greatest resistance Xj, but, smce the mdividual cells 
have different resistances to the lysm, the vanous values of xi are themselves 
distnbuted accordmg to some form of frequency distnbuPon, and the same for 
all the values of x-m, Xg, etc It is these frequency distnbutions which are m- 
voh'ed m the calculation of percentage hemol 3 ’’sis cun^es by the simultaneous 
solution of equations exactly like (6) and (7), the one for the fundamental 
reaction rate, and the other for the distnbution of resistances (Ponder and 
Yeager, 1930, equations 3 and 5) ® 

® Because a cell can hemoh^ze in a system of low Ij^sin concentration when only 
about 1/10,000 of its surface area is broken doivn to form a few small holes, it must not 
be supposed that such a small amount of destruction occurs when the amount of h'sin 
IS great This point seems to give nse to some difficultj'-, as also does the idea of a 
lysm actmg over the entire surface but producmg lysis only at spots The rusting of a 
tm can proxndes a verj’- useful analog)’^ 

^The reaction with the ghosts proceeds with a falhng velocity constant and the 
equihbnum conditions are pecuhar (Ponder, 1935), but these complexities do not 
affect the present argument 

® Historically, the idea of a frequence distribution of the resistances of areas in the 
mdividual cell membrane is only a further extension of the idea of discontmuity m 
hemolytic s 5 "stems In the first quantitative treatment of the kinetics of hemolysis, 
Arrhenius treated the cells as if they w'ere molecules, and wrote the i elocity of the lytic 
reaction as a function of the number of cells remainmg unhemolyzed This is all the 
more strange, as Arrhenius emphasized the importance of vanation m cell resistance 
m several other connections The idea of x^anation in resistance and of a funda- 
mental reaction between the l}^sm and the cell surface was first dearly mcoiporated 
mto the kmetics bv Brooks (1919), and later developed by me 
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If the lyHin is present m concentration less than c,*, even the weakest areas 
do not break down, for xi is not transformed Further suppose that the cell 
surface is mcompletely covered, e g , that only 1/lOth of it is covered This 
will make no difference to the application of expression (7), for an area as great 
as 1/lOth IS certainly an almost perfect sample of the whole,* but the concen 
tiation of lysm will be reduced to 1/lOth, and this will affect both the rate and 
the position of the asymptote m expression (6) by changmg the value of the 
term (c — x) 

If an accelerator is present under such circumstances, its effect will be to 
mcrease the activity of the lysin by 1/J?, so that a sub lytic concentration 
becomes lytic if it is greater than the value given by expression (4) But, since 
the surface is incompletcl> covered, the effect of the accelerator is reduced in 
proportion because it cannot affect a lysm which is not there to be affected, 
otherwise the reaction proceeds as before 

The fallmg-off of the acceleration in systems containing less lysm than 
accordmgly leads to the idea of hemolybe systems m which the cell surface is 
mcompletely covered with lyam, while at the same tune we undoubtedly have 
many cases (e g cosm, sodium stearate, sniilactm, and mdeed, the majonty 
of the less powerful lysins) m which the smallest amount of lysm needed for 
hemolysis is enough to cover the cell surfaces many hundred times At this 
pomt we have to return to the beginning of the argument and define what we 
have been speakmg of os “covermg ” The idea of monolayer formation will 
not do, so, remembering that the argument has been based on “complete 
covering’* correspondmg to and now droppmg the idea of monolayer 
formation, we can substitute for “covering” the produdwn of a state restdtmg 
in the ironsformaiton of the quantity xi This definition docs not involve mono- 
layers or multilayers, but has reference to the reaction between the lysm and 
the membrane component and to that onl> If the state corresponding to xi 
13 reached by the l>'sm m concentration c, or greater and m the absence of an 
accelerator, lysis will take place (see Fig 3), while if an accelerator is present, 
all the reacting lysm will be affected by it If the lysm is leas than c «, xi will 
not be transformed, but the smaller amount which is transformed may be 
enough to produce lysis m the presence of an accelerator and the smallest 
ammmt which can be effective m this wa>, and which we can call i,, is given by 
expression (4) Under such circumstances the full effect of the accelerator is 
reduced because the reactive lysm is less than c * 

•If there is only enough lysin to cover V»thof the surface, it will not do to suppose 
that it covers Vi»th of the surface m one great patch (as in Ponder and Neurath’s 
cipcnmenta) for the experimental results arc not denvable from such a state of aflaixa 
by the reasomng which I have used- The necessary condition is one of discontmuity 
in the sense that areas at which the lysm acts are separated by areas at which it does 
not 
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This statement of the conditions covers the numerous cases m which the 
smallest amount of lysm capable of producmg lysis is much greater than that 
requured to cover the cell surfaces, the rarer cases m which it is much smaller, 
and those cases where, apparently comadentally, the cell surface is just about 
covered I think that too much emphasis has been placed on the last of these, 
perhaps because they can be so easily accounted for m the hght of spreading 
experiments The type of case which is more general, however, is the one first 
mentioned 

Fmally, on this hypothesis we are able to amve at some idea of the form of 
the frequency distnbution F(x) m expression (7), t e , of the distnbution of the 
resistances of the areas m the cell membrane This we can do from Ponder 

N 



Fig 4 Frequency distribution of resistances derived from Ponder and Marsland’s 
values for fading times m saponm systems Ordmate, number of areas of a resistance 
m arbitrary units, abscissa, lysm x transformed, also m arbitrar 3 '^ umts For fur- 
ther descnption, see text 

and Marsland’s Fig 1, which shows the average fadmg tune of cells selected 
at random as a function of the dilution of lysm m the system The curve is 
sigmoid, and this ought to have suggested to us at the time that it mvolves the 
mtegral of some frequency distnbution Plottmg the fadmg tune as ordmate 
and the lysm concentration m nncrograms/cc as abscissa gives another sig- 
moid curve, which, when differentiated graphically, gives Fig 4 Tins curve 
IS an approximation to the form of the desued frequency distnbution iV = F(x) 
It IS very skew This is no doubt due in large part to both observation and 
theory bemg faulty for concentrations greater than about 100 micrograms/cc 

Two assumptions which are made are (a) that the diameter of each of the JV holes 
IS uniform, and (6) that the amount of lysm transformed durmg the fadmg tune is 
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(a dilution of 1 in 10,000), but it may be a reflection of the fact that the amount 
of I^’sm used up at equflibnum m a system m which stromatolysis is allowed to 
proceed is very much greater than that needed to complete hemolysis (Ponder, 
1935) If so, we have another matance of extreme skewness m connection with 
hemolytic systems, for the distributions of the resistances of mdmdual to 
saponin are very skew (Ponder, 1930), here again, however, there is doubt as 
to the underiymg theory and as to whether correction terms are not required 
(Ponder, 1931, 1934 and 1934 We can, however, make one deduction 
from the shape of the curve The ongm N ™ 0 occurs, on the scale used, at 
about 40 micrograms, while the mode occurs at about 80 micrograms Thus 
the amount of lysin transformed as we pass from xz to aw is about the same as 
that transformed dunng the ^flatent period,” as we pass from zero to an 
Further, the scatter (aw — xi)/xm la only about 0^, which means that the 
resistance of the membrane, while varying from pomt to pomt, is remarkably 
uniform This is at least m kcepmg with what Is known about the considerable 
degree of regularity of membrane ultra-atnictuie (Schmitt, Bear, and Ponder, 
1936, 1938) 


BUUMAEY 

The acceleration of saponm hemolyBis by benzene, mdol, and nonyl alcohol 
has been mvestigated as a function of temperature, and it has been found that 
these accelerators have negative temperature coefficients. This pomts to their 
bemg concentrated at the cell surface, and to the surface bemg the seat of their 
accelerating action 

It IS shown that the acceleratmg power of mdol (used as a typical accelerator) 
B constant so long as the lysm m the ^tem is capable of producing lysis per re, 
but that the acceleration off when only sublytic concentrations are present 
The relations are expressed m a senes of equations, and exp l ai n ed m terms of 
the reactions among the accelerator, the lysm, and the membrane component, 

proportiontl to the lysm concentratioti m the system Both assumptions arc good 
enough for a first approximatioii and after all the curve m Fig 4 is little better than 
the result of curve tracmg The course of the curve above the mode is, I think of 
Very Lttle significance, for neither the theory nor the observations are good enough 
The apparent skewness depends a great deal on the length of the very short fading 
tunes m wv u t pnn containing concentrated b'^in and a small change in the course of 
Ponder and Marsland s curve would produce an enormous change m the course of the 
upper part of Fig 4 Under any ciicmns tances, moreover the form of the frequenq' 
distribution above the mode Is of httle interest in connection with hemolytic systems, 
for the lyns of any mdividual cell commences when xi Is transformed and except In 
the case of the most rapid reactions, must be complete by the time Sm is reached. 

P 193 and following pages. 

Mp 291 
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which breaks down in spots, rather than uniformly, when lysis occurs The 
argument mvolves a consideration of the idea that a monolayer of lysm at the 
cell surface is necessary for hemolysis, of Abramson’s hypothesis of “key spots” 
on the surface, of the rate of escape of hemoglobin from the hemolyzmg cell, 
and of the results of electrophoretic and impedance measurements The 
existmg theorj’- of the kmetics is extended by mtroducmg the idea of a vanation 
m resistance from pomt to pomt m the cell membrane, m this form it descnbes 
the situation so far as is at present known, and shows that the results of the 
various methods of mvestigation are consistent with each other The only 
idea discussed which seems to have httle foundation is that l3^is is detemuned 
by the formation of a monolayer of lysm at the ceU surface, when this occurs, 
it must do so only as a special case Fmally, a serm-quantitative descnption 
of the frequency distnbution of the resistances m the membrane is denved from 
existmg data The variation m resistance which it is necessary to assume is 
qmte small, as nught be expected m the case of a membrane with a regular 
ultra-structure 
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ANALYTICAL DIFFUSION OF INFLUENZA VIRUS AND MOUSE 
ENCEPHALOMYELITIS VIRUS 


By JAQUES BOURDILLON 

{JFrom the Eldrtdge R. Johnson Foundaiumfor Medical Physics, 

Untverstiy of Pennsylvama, Philadelphia) 

(Received for publicfttfon, Jnne 21 1941) 

In a recent publication, (1) a method was described for the analytical study of 
the diffusion of biologically active matenaL The present p^>er reports an 
attempt to apply this method to the study of two animal viruses, epidemic m 
flucnxa A and mouse encephalomyehtis ' 

Method 

In bnef the technique (1) consiats In placing a layer of solvent above a la 3 rer of 
solution containing the vinu, allowing the latter to diffuse upwards for a few days, 
wamplmg at various heists, and detetminipg the vurus titer in the samples. The 
original virus concentration, cepressed in lethal doses or mfainnal infective doses, 
per mocuhuD, is and C« is the concentiatioD x centimeters above the initial bound 
eiy, at the end of the exp enmenti In order to delcnnine the diffusion constant D, 
log Cw/C* b plotted agaiast s and the theoretical curve b drawn which gives the 
most Batis£actor> fit For s - 0, log C /Q* b ihvsys equal to —03 (This point, 
therefore does not have to be determined by experiment, it is indicated on the charts 
as a half circle,) The diameter d of the virus particles may then be derived from the 
diffusiOD constant the assumption being made that the diffusing particles are ap- 
proximately sphencaL 

In the experiments reported here the virus concentration at the bottom of the 
diffusion cell was tnkfn as Cc Sampling was done up to 1,2 or 13 cm above the 
initial boundary above this level the flmd usually stiD contained a trace of vinu, 
but too little for quantitative titration 

Dtfusum of Injiuensa A Vtrus from Mouse Lung 
Maienal and TUration 

The stock material was a suspension of moose hmg tissue infected with the 
PR8 strain prepared by grinding mfccted lungs with alundum and salt solution 
(usually 0 15 u NaCl or 0 04 irNa boatc) so as to mate a 10 per cent suspensiem, 
centnfugmg at 2500 bj,il for 30 nunntes, and d is ca r ding the sed i me n t Thb 
yielded a reddish turbid fluid, containing about 1 per cent protein m solution, much 

^ Part of the experiments reported In thb paper were perfonned at the bboratones 
of the International Health Division of The Rockefeller Foundation, New York, 
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of the latter was hemoglobin and blood serum protems, some was lung tissue protein, 
charactenaed b}-- irreversible preapitation below pH 6 The hmitmg lethal dilution 
of the suspension for mice was about 10“®, when inoculated intranasally in 0 05 cc 
amounts In one experiment, (No 5) the matenal used was more concentrated 
The suspension was made of 10 gm of lungs ground mth 4 cc of mouse serum 
and 6 cc of 0 85 per cent NaCl The titer was about 10“® The drop m titer of 
these preparations at 4° was about 0 3 log after 2 to 4 days 

For titration, senal decimal dilutions of the diffusion samples were made m 10 
per cent horse serum broth, 4 to 6 young albmo mice were moculated mtranasally, 
under ether anesthesia, with 0 05 cc of each dilution The 50 per cent mortahty 
end-pomt iras calculated by the method of Reed and Muench (2) and based on the 

TABLE I 


Diffusion of Influenza A Virus from Mouse Lung 



Diffusing solution 






Exp 

No 

Buffer 



Total 

protein 

coDcen* 

tration 

Control 

Diffused into 

Diffusion 

tune 


Composition 

Mo- 

larity 

pH 

titcr 

U LJ) 


1 1 

0 12 ir NaCl, 0 02 ir Na 

0 14 

9 5 

per cent 

1 

los 

5 3 1 

Water 


2 

borate 

0 55 11 Nad, 0 02 M Na 

0 57 

95 

1 

1 

5 5 

Water 


3 

borate 

0 04 It Nad, 0 02 u Na 

0 06 

9 7 

1 

4 5 

Same buSer 


4 

borate 

0 025 ir Na phosphate, 0 02 

0 045 

8 8 

1 

' 1 

4 7 

Normal lung 


5 j 

M Na borate 

0 15 u Nad 

0 15 

7 4 

6 

6 0 

solution m 
same buffer 
Water 



number of dead and sumvmg mice 10 days after moculation, the virus concentra- 
tions were expressed m lethal umts per 0 05 cc 

EXPERIMENTAL 

In order to determine whether the results obtamed were m any way de- 
pendent on the conditions of diffusion, the latter were vaned as much as 
possible They have been summarized m Table I 

The approximate composition of the buffers is given m the second column, 
they were aU alhahne, smce the xnrus is less stable m acid medium In Ex- 
periment 1, a small amount of stock borate buffer (pH about 9 8) was added to 
the ongmal lung suspension , m Experiment 2, borate buffer and sohd NaCl were 
added, m Expenment 3, the matenal was first dialyzed agamst the buffer 
used, before diffusion Expenment 4 was prepared as follows 10 cc of m- 
fected lung suspension m 0 04 M borate was dialyzed for 3 days m the cold 
against 10 cc of normal mouse lung suspension in 0 05 m Na phosphate, the 
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resulting pH was 8^ In this manner the salt composition and salt concentra 
tion must have become the same m both solutions, furthermore the protem 
concentration too must have become identical on both sides, due to the osmotic 
pressure, it is also probable that the protein composition was about the same m 
the two fluids The coarser partides were removed from the normal lung sus 
pension by filtration through asbestos, whereas the infected suspension was 
left unfiltered Great care was used m dialyms to avoid contamination of the 
normal fluid, which was the fluid mto which diffusion was to take place 
Finally, for Expenment 5, a more concentrated virus preparation was used, as 
described above 

Thus, the salt molanty of the diffusing solutions ranged m these experiments 
from 0 0i5 to 0 , the pH from 7 4 to 9 7 The total protem concentration was 

m general 1 per cent, m one case 6 per rent. Diffusion was allowed to take 
place mto pure water (Experiments 1, 2, and 5), mto buffer (Experiment 3), 
mto buffered normal lung suspension (Experiment 4) Diffusion tone was 
varied from 2 to 5 days 


BESULTS 

The results have been plotted m Fig 1 The ordinates give the difference 
between the titer of the control (the titer at the bottom of the diffusion cell) 
and the titer at vanous levels above the initial boundary, the abscissae measure 
the distance above the initial boundary 

Exanimation of Fig 1 reveals two facts One is that the results from all five 
expenments were quite amibir m spite of great differences m the conditions of 
diffusion the other, that the values obtamed obviously did not yield ideal 
diffusion curves (which should have been convex toward the upper right hand 
comer of the diart), but broken curves composed of two fairly distmct limbs 
Since the results appeared to be completely mdependent of such experimental 
conditions as salt concentration, pH, presence or absence of a simultaneously 
diffusing salt or protem, one may be allowed to draw the conclusion that they 
were dependent only on the particle sire of the virus in the preparation, and 
smee they did not yield ideal diffusion curves one may conclude that the virus 
was not homogeneous 

Whereas an attempt to fit the observed values with one curve would have 
been quite unsatisfactory, much better agreement was found when two curves 
were lised to express the simultaneous but mdependent diffusion of two sets of 
particles. This is shown m Fig 1 The curves chosen for the purpose were 
(A) a curve expressmg the diffusion of particles 200 mii m diameter (diffusion 
constant D = 0 13 X 10“^ starting from the axis of ordinates at — log 
** 0-3 (B) a curve expressmg the diffusion of particles 6 m/i m diameter {D 
4 J X 10~^ and fittmg the values above « » 0,2 approximately thus mter 
sectmg the of ordmates about —2 or ~3 
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The curve chosen to express the diffusion of the small fraction of the virus is 
thus displaced downwards by an amount equal to the proportion of the small 
fraction m the total virus This is simply because the reference concentration 
Co IS that of the total virus and not that of the small fraction only A correct 
representation of the simultaneous diffusion of two sets of particles would ob- 
viously be a smgle compound curve, but, as can be shown graphically, if the two 
sets are of very different sizes and m very different amounts, two curves drawn 
mdependently will closely resemble the correct compound curve Indeed, it is 



0 05 10 O 05 10 

CM X 


Fig 1 Diffusion of mfluenza A virus Temperature 4 ° (A) Theoretical curves 

calculated for the diffusion of sphencal particles 200 mp in diameter (diffusion con- 
stant D = 0 13 X 10“^) (B) Same for particles 6 m/i in diameter (Z? = 4 3 X 
10"0 Curves (B) have been displaced downwards so as to fit the pomts corre- 
sponding to the diffusion of the fast movmg fraction Diffusion time Experiment 1 
and 2, 2 days, Kxperiment 3 and 5, 3 days. Experiment 4, 5 days (cf Table 1) 

apparent that below a = 0 3 approximately, there can be too httle of the small 
fraction to affect appreciably curve (A), and, above a = 0 3, too httle of the 
large fraction to affect appreciably curve (B) 

Because of the maccuracy of the analytical procedure it is impossible to say 
whether the distribution m two distmct fractions was as clearcut as has been 
assumed, and eindently the choice which was made of diameters of 2(K) and 
6 mp respectively can only be a rough approximation But it is probable that 
the particle diameter of the large fraction must have been about 20 or 30 times 
that of the small fraction, which means a molecular weight ratio of the order of 
10,000 to 1 In Expeuments 1 to 4, smce curve (B) mtercepts the axis of or- 
dmates about —2, the proportion of the small virus fraction m the total virus 
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must have been about 1 100,inExpenmciit5, about 1 1000 As mentioned m 
the beginning, the lung suspension m Expenment 5 was made m mouse serum 
and was more concentrated, which may account for the difference. 

Thus it appears that in the influenza preparation mvestigated about 1 per 
cent, or 0 1 per cent, of the total infectivity was present m particles about the 
size of normal serum albumin or globulm molecules The rest of the virus, that 
IS, the bulk of it, appeared to be present m particles of the order of magmtude 
which has been found by ultrafiltration or ultracentnfugatjon (3, 4), or about 
100 or 200 mfi 

Other diffusion experiments with mouse lung virus (not reported) suggested 
that the fast diffuamg fraction was le^ stable than the rest of the virus Thus 
m one case the samples removed after diffusion, placed m celluloid tubes and 
forming a shallow layer at the bottom of the tubes, were kept 24 days at 
—76® before titration A general drop m titer was then found but much more 
marked m the samples coming from the upper part of the diffusion cell The 
same phenomenon was observed when, before diffusion, the suspension was 
rocked for 2 hours m a shallow trough at 28®, exposed to bght and air 

Diffunoii of Inflttcma A Virus from Chick Extra Embryonic Fluids 
Material and Methods 

The material has been mvestigated by Henle and Chambers (5) It was 
obtained from II to 12 day old embryos mfected with the virus* In the 
normal embryo at this stage the volume •of the allantoic fluid is about 6 cc,, 
that of the ammotic fluid 2 cc. They contain about the same salts as a serum 
ultrafiltrate and are both nearly protem free until the 12th da> , the allantoic 
fluid receives from the embr>’o mcreasmg amounts of unc aad. About the 
12th day the ammon opens mto the albumin sac, thus acquiring suddenly a 
liigTi protem concentration (6) The infected flmds used were almost clear and 
their protem content was insignificant. We found that both normal and m 
fected fluids contamed on appredahle amount of small partides, the size of 
which was about at the limit of ordinary microscopic visibility (ca 0J2n m 
diameter) and which appeared to be identical with the mitochondria from 
normal chonoaHantoic cells A few red cells and cellular debris m the fluid 
were removed by low speed centrifugation For each diffusion expenment a 
different batch of fluid was used 

Chambers and Henle (7) have made a detailed study of the behavior of this 
fluid m the angle centrifuge They found that the titer of the virus m the 
supernatant after 30 mmutes at 25,000 rjoi in the ultracentnfuge of Eawson, 
Sdierp, and Lmdqmst (8) remained quite high (only 1 or 2 log below the original 
titer), they suggested that an appreciable fraction of the virus must have a 

* We are much indebted to Dr W Henle and Dr L, A Chtmber* for soppl>nQg 
us with the material and for perfoiming the titrations. 
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partide diameter of 10 m;u or less For tliree of the diffusion experiments re- 
ported here the fluid was first diluted 1 1 with buffered sahne (0 15 M NaQ, 
0 01 M PO^, pH 7 0), then ultracentnfuged as shown m Table H In Expen- 
ment 4, the supernatant, after a first run at 25,000 R p m for 30 minutes, was 
centrifuged agam, and the second supernatant used for diffusion The fluid 
from the top of the tubes was pipetted off with care each tune, to avoid pos- 
sible stirnng of the sediment 

Before diffusion, enough NaCl solution was added to the fluid to make the 
total salt concentration about 2 per cent Diffusion took place mto distilled 
water, for 1 or 2 days The technique was as descnbed for mouse lung, except 
that the ceU was placed m a mixtiue of ice and water at 0°, instead of a con- 
stant temperature bath at 4° 


TABLE n 


Diffttsion of Influenza. A Virus from Chick Extra-Embryonic Fluids 


Eip No 

1 

Diffusion time 

1 

Virus titer of 
control wjj) 

RemArks 


■■QIIIH 

hg 1 


1 


5 8 

Not centrifuged 

2 


4 9 

Supernatant after hr centrifugation at 
25,000 R Pit. 

3 


3 8 

a {( 

4 


4 2 

Supernatant recentnfuged)^ hr at25,000 
B F jr 


The titration of the diffusion samples was essentially as descnbed for lung 
virus, except that the mmimum infective dose (the dose just sufllcient to m- 
duce one pulmonary lesion m a mouse) was chosen for the end-point The 
MID titer thus obtained was about 2 log above the M L Ji titer and was found 
more convenient smce titrations could be made over a wider range of dilutions 
The titer of the controls given m Table 11 was that of the virus at the bottom of 
the cell after diffusion Except m Experiment 4, the matenal was not fresh 
and had been stored at — 15° or — 75° for from 1 to 5 weeks , this usually caused 
an appreciable drop m titer from that of the fresh matenal 

RESULTS 

They are shown m Fig 2 They do not differ essentially from the mouse 
lung experiments, smce they all reveal the presence of a fast diffusmg fraction, 
which a curve drawn for the theoretical diffusion of particles 6 m/x m diameter 
fits approximately In Expienment 1, the values obtamed did not warrant the 
drawmg of two curves, as was done for mouse lung virus In Experiment 2, 
ultracentnfugation did not achieve a dearcut separation of the fast difiusmg 
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fraction, which, on theoretical grounds, might be expected only of a mixture 
contaimng two sets of particles of very different sue In Experiments 3 and 
4, centrifugation was mote effective, smce the curves obtamed are almost 
smooth curves, here the mtercept of the curves with the y axis mdicates that 
the ratio of the fast diffusmg fraction to the rest of the virus must have been of 
the order of 1 to 3 Too httle is still known of the nature of the particulate 
components of the fluid investigated, and of the state and stabihty of the virus, 
to warrant further speculation at tius pomt 


-LOG CJC 



Fig 2 Diffusion of Influenza A virus from chick exlra-embryomc fluid. Tcm 
pciature 0* Theoretical curves calculated for the diffusion of spherical particle* 
6 mu in diameter {D - 42 X 10~^ Diffusion tima Eipcriment 1 and 4 2 day» 
Expemneot 2 and 3 1 day (The open ardes represent titers which were obtained 
only as maximam values.) 

An attempt to rediffuse the diffusa tc from a first experiment proved futile, the 
vmia having completely lost its mfectivity during the second diffusion. This 
confirmed the impression gathered from mouse lung preparations that the 
Virus IS particularly labile m its more disperse state. 

It may be concluded from these expenmenta that mfluenia A virus in chick 
extra-embryome fluids was m an mhomogeneous condition and that a smaU 
fraction of it appeared from diffusion measurements to ha\c a particle di- 
ameter as small as 6 m/A 

Diffusion oj Mouse Encephalcmydtlis Vmis 

The vmis isolated by Thciler and recently studied m detail by Theilcr and 
Card (9) was used It is fairly resistant and, thanks to (Sard’s method (10) it 
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can be titered with sufficient accurac}- Ultrafiltration b}^ Elford’s method 
(4) gai e Theiler and Card a i alue of 9-13 mfi ior the diameter of the virus 
partides 


Material and Titration 

A 20 per cent suspension m pneumococcus broth of ground mouse brains m- 
fected with stram GD \r[I was prepared, it was centrifuged at 2500 R.P m for a 
short time and the sediment discarded Titration of the diffusion samples was 
earned out as desenbed by Gard (10), usmg the mtracerebral moadation route 

-LOG C./Q, 



Fig 3 Diffusion of mouse encephalomj ehtis iirus Temperature 4° The 
cur\’’es express the theoretical diffusion of sphencal partides 15 mp m diameter 
(Z? = 1 7 X 10~') Diffusion time Experiment 1, 158,000 seconds, Experiment 2, 
237,000 seconds 

The \alues obtamed b}^ this titration method could be read directly as the 
loganthms of the relatn e concentrations of the diffusion samples ’ 

RESULTS 

In Experiment 1, the 20 per cent bram suspension m broth was directly 
diffused agamst water for 2 daj's (158,000 sec ) In Experiment 2, the sus- 
pension was first dial>zed agamst 0 16 m NaCl and Na phosphate buffer, 
pH 7 3, then diffused against another portion of the same buffer for 3 days 
(237,000 sec ) Fig 3 shows that the results from both expenmen ts are dosely 

® We are much mdebted to Dr 31 Theiler for supphang us with the material and 
for perfonnmg the moculations 
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compjainble In the sample withdrawn at x *=« 1 14 cm no vims was detected, 
the small arde drawn on the chart at this point gives the mimmum relative 
concentration at which vims would have been detectable by Card’s method, m 
other words, an> theoretical curve drawn to fit the other pomts should pass 
below approxunately 5-5 log at « * 1 14 
The same lemaiks n^de about mfiutnia apply to these results as regards the 
choice of curv'cs E^ddently the vims was not homogeneous, and an attempt to 
fit all the pomts with one curve would have been unsatisfactor> , on the other 
hand, the results were not such as to warrant the drawing of two separate 
curves, as was done with mouse lung infiuenra. One can nonetheless obtam an 
idea of the diameter which must have been that of at least some of the particles 
bj drawing a cur\ e through the values for x = 033 and x ■» 0 68 This has 
been done on the chart, and jnelds a diameter of 15 ro^, the mtercept of the 
curve with the axis of ordinates mdicntes that this fraction represented roughly 
10 per cent of the total vims. The value found bv diffusion for the particle 
diameter of an appreciable fraction of the vims is therefore m fair agreement 
with ultrafiltration data 


DISCUSSION 

The results reported above from mouse encephalomyelitis vims diffusion 
require httle comment, smee they agreed rather Eatisfactcml) with ultiafiltra 
bon data, they suggested, however, that the preparation was not homogeneous, 
and that only about 10 per cent of the activity was present m particles 15 m^ in 
diameter, whether these were the smallest umts could not be ascertamed, it 
appeared only that smaller ^^rua umts could not have been present m con 
siderable quantity 

The experiments with influenza \'inis revealed the presence of a fast diffusing 
fraction, which the methods thus far croplo>ed had not been able to detect. 
Expenence gained from the diffu^on of catalase (1), and the fact that great 
variations m the conditions of diffusion did not influence the type of curves 
obtained, warranted the conclusion that the results were not due to expen 
mental error The persistence of infecUvily m the supernatant after ultra 
centrifugation of extra-embi>'Dmc fimd offered additional evidence that part of 
the virus must have existed in a highly di^>ei3e state 

The apparent contradiction between our value of 6 mn and that of about 
100 TOfi denved from ultrafiltration and ultraccntnfugation of mouse lung 
virus by Elford and collaborators (3, 4) can be easily explamed if one bears m 
mind tLit the fast diffusing fraction of our preparations represented only a 
■rniHlj percentage of the total, and therefore could be detected only by a method 
of adequate sensitivity Ultiafiltration and ultraccntnfugation, as well as 
ultramicroscopy, as thev have been applied thus far to the study of animal 
viruses can be expected to give information only on the state m which the bulk 
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of virus mfectivity is present Thus when mouse lung virus is filtered it ap- 
pears now that the end-pomt obtamed is determined by the size of the larger 
particles, the difilusion of which gave, in our eypenments, the first part of the 
curves shown in Fig 1, it should not seem suipnsing that a small, highly dis- 
perse, and probably easily adsorbed fraction of the virus should not be able to 
pass a membrane filter to an appreciable degree 

If the ultunate virus units are comparatively small molecules, the larger 
particles become relatively unimportant Similar particles have been ob- 
served m preparations of numerous viruses, and because they carry most of the 
mfectivity they have usually been assumed to represent the actual virus imits 
But m recent years the specificity of these particles has become very doubtful 
Claude (11) first observed that some normal tissue preparations contamed non- 
active particles which in size and chemical composition were exactly similar to 
the supposed agent of chicken tumor I Other investigations have since been 
earned out by numerous authors (reviewed by Henle and Chambers (12)) on 
matenal from vanous sources, leading to the general conclusion that particles 
0 1 to 0 3/a m diameter, or matenal sedimentable only by ultracentnfugation, 
can be obtamed from a great vanety of normal tissues Henle and Chambers 
(12) have recently observed that such particles exist in preparations of normal 
mouse lungs We have found, as mentioned above, that particles of about the 
same size are present m the extra-embryonic fluids of the chick, both normal 
and infected, and appear to be identical with the mitochondna of normal cells 
It now seems probable that m mfluenza preparations such particles or mito- 
chondna act as virus earners, the actual virus units being of a much smaller 
order of magmtude Prehmmary diffusion experiments have suggested to us 
that this IS also true of vaccmia Bronfenbrenner and collaborators (13) have 
reached the same conclusion on the nature of bactenophage The ultimate 
units of these viruses appear to consist of comparatively small molecules 
adsorbed on non-specific colloidal earners 

summary 

Analytical diffusion has been applied to a study of influenza A virus in 
mouse lung, mfluenza A virus m the extra-embryonic fluids of the chick, and 
mouse encephalomyehtis virus m mouse brain 

The results from mfluenza m mouse lung suggested that about 99 per cent of 
the mfectivity was present m particles 200 mja in diameter, and 1 per cent m 
particles 6 m;u in diameter 

The results from mfluenza in extra-embryonic fluids indicated that the prep- 
aration was mhomogeneous and that the smallest virus units were about 
6 mfi m diameter 

The results from mouse encephalomyehtis virus indicated that the prepara- 
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tion was also mliomogeneoiis, with 10 per cent of the mfectmly In partides 
about 15 m^j. m diameter 

It has been suggested that m virus preparations normal colloidal particles 
can act as earners of much smaller virus umts 

REFERENCES 

1 Bourdillon; / Gen Pl^nol 1941, 24, 459 

2 Reed, L J , and Muench, H , Am J Byg 1938, 27, 493 

3 Elford, W J Andrewes, C H. and Tang F F , Bnt J Exp Folk , 1936 17, 

51 Elford, W J , and Andrewes, C H BnJ J Exp Path , 1936, 17, 422 

4 Elford, W J , in Doerr, R- and EEaHauer C , Handbuefa der Vlrurforschung 

Wien, Juhus Sprmgtr 1938-1939, p 126 

5 Henle W , and Chambers, L A. Proc Soc Exp Btol and Ifed 1941, 46, 713 

6 Needham, T Chermcal embryology Cambndge, Cambridge University Press, 

1931 

7 Chambers L A, and Henle W personal communication 

8 Rawson, A J Scherp, H. W , Lindquist F E , J Bad , 1940, 40, 657 

9 Thciler, M , and Gard, S , J Exp Med 1940 72, 49 

10 Card, S,J Exp Med, 1940 72, 69 

11 Claude, A, Proe Soc Exp Btol and Med 193S S9, 398 Saence, 1939 00, 

213 1940 91, 77 

12 Hi»pb> w , and Chambers, L A Sctence, 1940 02, 313 

13 Bronfenbrenner J , / Exp Med 1927, 46, 873 Hetlcr, B M , and Bronfen- 

brenuer J J Gen Pkytiol 1931, 14 , 547 Kalmanson G , and Bronfen- 
brenner J J Gen PAyrwl 1939 23, 203 




Pb uptake by nuclei 
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As early as 1856, Fnmaa Gumey Smith described and illustrated free nuclei 
obtained from skin and tumor tissue by the action of acetic and (1), but 
curiously enough no use was made of this observation m subsequent bio- 
chermcal studies of nuclei. From pus treated with artificial gastnc jui{», 
Miescher (2) isolated **nudeina,” substances presumably characteristic of 
nuclei Ploa (3) later showed that the insoluble residues of hemolyxed avian 
red blood cells gave characteristic “nuclem” reactions, and m 1904 Ackermann 
(4) determined the phosphorus and mtrogen content of nuclei obtained by this 
method Ei^ty years after Smith’s description of free nuclei, Crossmon (5) 
showed that small quantities of nuclei, suJffiaent for microscopic ezammation, 

could be isolated by teasing cardiac muscle m 5 per cent atnc aod Stondiurg 
(6) studied the lipid content of nuclei isolated from muscle and tumors by the 
combined action of atnc aad and pepsuL He found it impossible to isolate 
nuclei from Irver by this technique. It has been found possible to isolate 
nuclei from the Irver and tumors of mice and rats by the action of 5 per cent 
atnc aad alone Studies of the rates at which P® is bound by nuclei and cyto- 
plasm, using this technique for isolating nuclei are described m the following 
c^>enmenta 

Mattrxals and Methods 

Mice (20-25 gm ) of the Strong A strain were used as hosts for the Lawrence- 
(iardner lympheana (7), and mice of the Swiss strain for sarcoma 180 Inbred rati 
of the Slonakcr atram were used for the caremoma 256 Injectioni of Pa were timed 
so that the mouse tumors were 14-15 days old when removed. The rat tumors were 
3-4 weeks old when used- The imce were given 0 1 cc. of isotonic NtiHPO< con 
tainmg 5-11 microcunes of Pa by mtravenous Iniection- In the expenmcnti with 
the mice 10 animals were used in each run 

Arumals were anesthetized with nembutal and the livers perfused with saline 
through the hepatic van until dcared of blood. Livers and tumors were then nnsed 
m ice cold saline, transferred to 5 volumes of cold 5 per cent dtrk add m which the 
tissues were cut to pieces with sdssois, and allowed to stand for 30 minutes at 

* FeDow of the Finney Howell Researth Foundation. 
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2-5°C They were then ground with mortar and pestle and passed through 2 layers 
of cheese-cloth The suspension so obtamed was centrifuged at low speed for 2 nun- 
utes to remove tissue fragments, and then at 2400 m for 10 mmutes The nuclei 
were found m the bottom layer, the cytoplasmic fragments m the supernatant and 
upper sohd layers Nuclei with cytoplasmic fragments stdl attached were m the zone 
between the clean nuclei and the cytoplasm In the hver, the latter was easily identi- 
fied macroscopically smce it had a brown color The supernatant and upper sohd 
layers were removed, the nuclei resuspended m 5 per cent citnc acid and agam centri- 
fuged at 2,400 E p jr for 1-2 minutes This process was repeated, usually 4-6 times, 
untd very few cytoplasmic fragments were found m the upper solid layer, and the 
supernatant was no longer cloudy The mass of washed nuclei so obtamed was white 
The same procedure was used with tumor tissue In this case the ytoplasm had a 
grayish translucent appearance and smce it was not as easily identified macroscopically 
each separation was exammed with the microscope The suspension of nuclei was 
then brought to a fixed volume with 5 per cent citnc acid, 1 or 2 cc pipetted mto an 
ashmg capsule for determmation of radioactivity, and another fraction set aside for 
extraction In each run a small portion of the suspension was used to determme the 
number of nuclei and the number and size of any non-nuclear fragments per cubic 
centimeter of suspension by hemocytometer count and measurement with an ocular 
micrometer The volume of contaminatmg cytoplasmic fragments was found to be 
less than 0 5 per cent of the nuclear volume m all experiments Another portion was 
centrifuged for exactly 30 mmutes at 2400 r p m m Bauer and ShencL (8) tubes to 
determine the relative volume of sohd and fluid If the centrifugation was prolonged 
beyond 30 mmutes the nuclei became angular (usually hexagonal) m outhne 

Small portions of tissues of all animals from which nuclei were to be isolated were 
put in weighing bottles and weighed as quicUy as possible after removal They were 
then transferred to ashmg capsules and dned The suspension of nuclei and an 
ahquot of the mjected solution were also evaporated to dryness m ashmg capsules 
All activity measurements were made with an ionization chamber usmg a General 
Electnc Co FP-54 electrometer tube m a DuBndge circuit (9) and checked agamst 
a uramum standard 

To determme whether the hberation of nuclei was due to some specific action of the 
atrate ion or to the hydrogen ion concentration the foUowmg experiments were per- 
formed Tissues were treated as previously descnbed, substituting 5 per cent acetic 
aad and 5 per cent bone acid m place of atne. Nuclei could not be separated after 
treatment with bone acid but after treatment with acetic acid the nuclei could be 
isolated by centrifugation as readily as after atne. Liver pulped m 0 9 per cent NaCI 
showed on microscopic examination that the nuclei were completely free from the 
cytoplasm but were homogeneous rather than granular m appearance, t e , they 
apparently were not coagulated When treated the same way m isotonic MacDvaine 
buffer at pH 7 0, the nuclei did not separate from the cytoplasm ^Vhen pulped m 
buffer at pH 5 0, the nuclei were free with occasional small tabs of adherent cytoplasm, 
and had a granular appearance At pH 6 0 the nuclei were free but did not appear 
granular until the tissue was immersed m the buffer for 1} hours Evidently the 
separation of the nucleus from the cytoplasm and its coagulation are due to an mcrease 
m hydrogen ion concentration and not to the action of a particular amon In the case 
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of tissue ground in 0 9 per cent NttCl there is apparently sufEocnt acid liberated 
(the tad of injury of the mlcrodisscctlonlsts) to free the nucleus from the cytoplasm 
but not enough to produce coagulation 

RESULTS 

Chemical Exchange w Meiabcltsm 

To determine whether the Po was taken up by the nuclei by simple chemical 
exchange, the following experiments were performed Nuclei were isolated from 
the livers of 10 mice and suspended m 3 cc of a solution containing 15 mg 
NajHPOi/cc with a total activity of 157 J pc. After shakmg for 1 hour the 
nuclei were washed 4 times with 5 per cent citnc aad With each washmg the 
activities recovered were 145 2, 8 60, 0 900, and 0 215 /ic respectively The 
nuclei contamed 0 429 pc and aincc the volume of nuclei used was 0 695 ca, the 
activity i>er cubic centimeter of nuclei was 0 617 pc or 0J9 per cent of the ac 
trvity originally contained m the solution In a similar experiment the original 
solution contamed 62 8 pc m 4 cc solution. The nuclei were washed 7 
The washmgs contained 57 0 5 41, 0J290, 0 044 0 009, 0 006 0 (X>1 pc re- 
spectively The washed nuclei had an activity of 0 J!48 pc/cc or 0395 per cent 
of the total added activit> In a third experiment ^\ith 87 0 pc the nuclei re- 
tained 0 20 per cent of the activity m the solution after 7 washmgs Isolated 
nuclei, therefore will not bmd more than 03-0 4 per cent of the phosphorus of 
an isotomc solution of Na HPOi m which they are immersed Smee dumping 
of nudei occurs when the phosphate solution is added to the nudei suspended m 
atnc aad a considerable portion of the Pa found associated with the nudei 
may simply be adsorbed If this were the case, presentmg other surfaces on 
which the phosphate could be adsorbed should decrease the amount apparentlj 
bound by the nudei This is shown to be the case m the foUowmg experiment 

The livers of 10 mice were deared of blood by perfusion, cut mto thm shces, 
and shaken for one half hour at room temperature m a 10 cc, solution contammg 
8 cc. of 0 9 per cent NaCl and 2 cc. of 13 per cent NajHPOi contammg 206 pc 
\Vhcn the nuda were removed and washed 7 times m atnc and they were 
found to hxve an activity of 0 023 pc/cc., t.e , 0 011 per cent of the total added 
activity In the in vtva experiments where 5-10 pc of Pa was injected into the 
circulatory system the hver nuda were found to contam 3 per cent of the added 
activity or about 3(X) times as much as m the case of the hver slices shaken with 
Pa It follows from these and the previous experiments that the uptake of 
Pa from the blood stream cannot be accounted for by exchange but must be 
attributed to the metabolic activities of the cells involved 

Eale of Pn Uptake 

The Pa retained by the hver and lymphoma tissue at vanous times after m 
jectlon is shown m Fig 1 and Table I In the liver the maximum Pa content 
(93 per cent) is observed at 1 hour after mjection as early as determinations 
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Fig 1 P 32 uptake by tissues 

TABLE I 
Lymphoma 


Achmly As Per Cetit Injected Dose 


Time alter 
injection 

Nuclei 1 

1 

Tiseue 

Nuclei/tuiue 

1 Liver 

Tumor 

Liver 

Tumor 

Li\ er 

Tumor 

1 hr 

2 995 

1 255 

9 57 

3 72 

0 311 

0 337 

3 “ 

1 76 

2 57 

6 24 i 

3 90 j 

0 286 

0 689 

5 “ 

1 66 

4 85 

5 825 

4 155 

0 284 

1 13 

12 " 

1 25 

6 41 

3 45 

3 70 

0 371 

1 37 

1 day 

1 23 

6 395 

3 035 

4 11 

0 412 

1 59 

2 “ 

0 945 

7 17 

I 96 

4 06 

‘ 0 398 

1 78 

3 “ 

0 97 

7 02 

2 12 

3 68 

0 461 

1 91 

4 “ 

1 03 

6 09 

2 34 

2 80 

0 449 

2 19 

5 “ 

0 71 

5 47 

1 64 

2 27 

0 438 

2 35 


The value at each time mterval is the mean of 2-4 determmations with 10 mice The 
activity of the nuclei is given as pier cent/cm *, and that of the tissue as per cent/gm 


could be made, and is followed by a very rapid decrease to an as}nnptotic level 
at about 2 per cent The lymphoma on the other hand shows a practically 
constant level at 4 per cent from 1 hour to 3 days after mjection, followed by a 
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slow decrease The P32 curve for hver nuclei (Fig 2) parallels that of the whole 
tissue, with a maxunum at 3 per cent 1 hour after mjection, falling off rapidly to 
1 per cent The uptake by the lymphoma nuclei is striJungly different from 
that of the whole l3mphoma tissue or of the liver nuclei There is a very rapid 
rise m nuclear P32 concentration from 1 per cent at 1 hour after injection to 
6 5 per cent at 12 hours It contmues to rise slowly till the 2nd day and then 
falls off gradually 

■\Vhen the activity per cubic centimeter of packed nuclei as a fraction of the 
total activity per gram tissue (Fig 3) is plotted as a function of time after m- 
jection, a strikmg difference in the behavior of tumor and liver nuclei becomes 
apparent The relative concentration of Pc2 in the hver nuclei remains practi- 
call)'- constant between 1 hour and 5 da)'s after mjection while the concentration 
m the lymphoma nuclei rises rapidly from 1 to 5 hours after mjection and con- 
tmues to rise as late as 5 days afterward The P32 concentration m the lym- 
phoma nuclei IS doubled m 2 hours and tripled m 5 hours Evidently m the 
liver ceU phosphorus not only enters the nucleus rapidly but also leaves it 
rapidly mamtammg a steady state m the mterchange of phosphorus between 
nucleus and cytoplasm In the lymphoma cell the phosphorus enters the 
nucleus rapidly and there is no direct evidence from the curves of P32 uptake of 
a rapid loss of phosphorus by the nuclei 

DtsinbuHon of Pz\ and P 22 tn Nucleus and Cytoplasm 

Table 11 shows the phosphorus content of hver and tumor tissues and the 
correspondmg nuclei, determmed by the Pregl (10) method The number of 
determmations on different samples is given by the columns n 

The volume of the packed mass of nuclei m each suspension was obtamed by 
centrifugation m Bauer and Shenck tubes as previously described and corrected 
to the true volume of nuclei by multiplymg by the maximum packmg fraction 
for spheres (0 74) By dividmg these values by the number of nuclei per cubic 
centimeter of suspension the average volume of an mdividual nucleus was ob- 
tamed The average volume of a hver nucleus so obtamed was 3 26 ± 0 128 
X 10"^“ cm ^ (« = 31) and of a lymphoma nucleus, 1 673 db 0 060 X 10”^'’ cm * 
(« = 30) The densities of the nuclei determmed by means of a pycnometer 
were 1 148 for the hver and 1 146 for the lymphoma nuclei From these values 
the Psi/gm nuclei was calculated 

The phosphorus content of lymphoma cells was calculated as follows The 
diameters of 30 lymphoma cells which had been immersed m 5 per cent citric 
acid for half an hour were measured with an ocular rmcrometer The mean 
diameter was 9 75 ± 0 24 X 10~' cm from which, assummg a spherical shape 
for the cell, a volume of 4 85 X 10"‘® cm ® was obtamed With no phosphorus 
m the cytoplasm, the Pji/gm tissue would be 

167 „ 

Pjt/gm nuclei X 7 ^ = 2 30 mg 
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The tissue was found to have 2 995 mg P/gm. and therefore the cytoplasm m 
1 gram of tissue must have contained 0 695 mg P The Pa m the cytoplasm 
may be calculated m the same way 

The ratio tumor reaches a value of 2J5S by the 5th day after 

Tissue P*3 ^ ^ 

mjection of Pa, which is approximately the value (2^4) found for the ratio 
Thus after a relatively long penod of tunc the distribution of 

Pa m the cell becomes the same as that of Pa already present 
The complexity of the structure of the liver mahe* it more difficult to obtam 
an accurate measurement of the relative volume of nuclei and cytoplasrm 
However, a rough estimate has been obtamed When the suspension of pulped 
liver m 5 per cent atric aad is centrifuged and the dumps of cells are remo^^, 
the remaining nudei are of three principal types casQy distmguishable, liver, 
lymph, and endothelial, the latter two being more frequent m the upper layers 


TABLE H 

Pe Coisltni in iimiirams 


Lhrcr 

■ 

Tnmof 

m 

Tiaue, 1 gm. i882 ± OJXff 

26 

2 995 ± 0 106 

19 

NoeW, 1 cc. 133 ± 0348 

25 

7 66 ±0 234 

18 

Nocid, 1 pn. 3 95 ± 0J16 


6 69 ± 0 204 



of the centrifuged mass of nudei Counts of suspensaons of nudei from normal 
mouse livers showed the relative frequenaes of the three types of nudd to be 
35, 39, and 16 respectively The mean diameter of the liver nudei m 5 per cent 
citnc aad was found to be 11 T(5 =fc: 0^7 X 19^ cm.* and m 0 9 per cent NaCl 
12 05 ± 0.33 X 10^ cm * Liver cells are approximately parallelopipcds, the 
lengths of two sides of which were found to be 26 1 i 0.5 X 10^ cm and 
17 7 dn 0-5 X 10~* cm. m atnc aad and 26 6 ifc 0 7 X 10^ and 21.5 ±06 
X 10~^ cm m saline (Evidently the atnc add produces httle or no change m 
sixe of either the nudeus or the whole celL) From these measurements the 
volumes of the liver cell and nudeus were found to be 12 1 X lO”* cm.* and 
7 26 X 10^* cm * respectively The endothelial nudei are approximate pro- 
late ^hcroids and have a volume of about 1 45 X 10"** cm.* The volume of 
the lymph cell haa already been given end the endothelial cell assumed to have 
approximately the same volume It then becomes apparent from the relative 
frequenaes and the volumes of the different types of cells, that the lymph cells 
represent only about 4.5 per cent and the endothelial about 2 per cent of the 
total volume of hver tissue. Therefore as a first approximation we may as- 
sume that practically all of the P« found m the hver bssue is m the liver cells 
The distribution of Pa m the cell and the speafic activities of nudeus and 
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^^toplasm may be calculated m the same way as for the lymphoma The cal- 
ilation given m Table III is based on the volume of the hver cell nucleus as 
stermmed by measurement with the microscope (7 26 X 10“^° cm ®), and not 
le mean nuclear volume of the suspensions of nuclei from the hver which 


TABLE in 


AchvUtes As Per Cenl of Injected Dose 


Time after 
mjection 

Pji/gm 

1 

Pjj/mg Pii/gm 

Tissue 

Nuclei 


Tissue 



Nuclei/ 

cytoplasm 




per 

cent 

per 

cent 

per 

cent 

per 

uni 

per 

cent 

per 

cent 

per cent 


1: 

hr 

3 

72 

1 

48 

3 

21 

1 

24 

0 

22 

4 

63 

0 

0475 


3 

(( 

3 

90 

3 


2 

86 

1 

30 

0 

45 

4 

12 

0 

109 

rt 

5 

(( 

4 

16 

5 

72 

2 

19 

1 

39 

0 

86 

3 

IS 

0 

273 

a 

0 

12 

(( 

3 

70 

7 

58 

1 

10 

1 

23 

1 

13 

1 

58 

0 

715 

'a 

1 

(( 

4 

11 

7 

55 

1 

52 

1 

37 

1 

12 

2 

19 

0 

511 


2 

(( 

4 

06 

8 

45 

1 

15 

1 

36 

1 

26 

1 

66 

0 

760 


3 

C( 

3 

68 

8 

29 

1 

83 

1 

23 

1 

24 

1 

20 

1 

03 


4 

a 

2 

80 

7 

17 

0 

34 

0 

94 

1 

07 

0 

49 

2 

18 


5 

tt 

2 

27 

6 

45 

0 

05 

0 

76 

0 

97 

0 

07 

13 

9 


1 

hr 

9 

57 

3 

S3 

9 

36 

3 

32 

0 

90 

3 

52 

0 

256 


3 

(( 

6 

24 

2 

08 

6 

11 

2 

16 

0 

53 

2 

31 

0 

230 


5 


5 

83 

1 

96 

5 

67 

2 

02 

0 

50 

2 

16 

0 

232 


12 


3 

45 

1 

47 

3 

36 

1 

20 

0 

37 

1 

27 

0 

291 

> 

1 

day 

3 

04 

1 

45 

2 

94 

1 

05 

0 

37 

1 

11 

0 

334 


2 

« 

1 

96 

1 

11 

1 

89 

0 

68 

0 

28 

0 

71 

0 

394 


3 

tt 

2 

12 

1 

14 

2 

05 

0 

74 

0 

29 

0 

78 

0 

372 


4 

tt 

2 

34 

1 

21 

2 

27 

0 

81 

0 

31 

0 

86 

0 

360 


5 

tt 

1 

61 

0 

84 

1 

56 

0 

56 

0 

21 

0 

59 

0 

356 


mg Pji/gm 

Ttisue NuM Cytoplasm 

L3Tiiphoma 2 995 6 69 0 695 

Liver 2 882 3 95 2 644 

fere used (3 26 X 10“^® cm Thus with no phosphorus m the cytoplasm the 
'ji/gm hver tissue would be 

0 726 

P„/gm X ■= 3 95 X 0 0604 = 0 238 mg 

?he cytoplasm therefore contains 2 64 mg Pai/gm tissue If the mean volume 
f the different types of nuclei from the hver is used the Psi/gm tissue due to 
uclei IS 0 108 and the cytoplasm has 2 77 mg Pai/gm 
From Table m it is apparent that the concentration of Pa 2 m the nuclei of the 
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lymphoma is already about 50 per cent of that m the cytoplasm at 1 hour after 
mjection 2 hours later the nuclear P« content has doubl^ and is greater than 
that of the cytoplasm By 5 days after mjection practically all the lymphoma 
Pc 13 in the nuclei. In the liver the P® content of the nuclei is about 35 per 
cent of the cytoplasmic Pc shortly after mjection and i* 50-60 per cent at 2-5 
days after mjection. In the lymphoma there is a rapid concentration of 
Pc in the nuclei accompamed by a depletion of the cytoplasmic Pc The rate 
of decrease of cytoplasmic Pc la less than the rate of increase of nuclear Pc 
This would be expected If (1) phosphorus moved out of the nucleus mto the 
cytoplasm or if (2) phosphorus enters the cytoplasm more rapidly than it is 
bound by the nucleus or if both conditions obtam 

Sfitafic Admtt^s 

Although the lymphoma nuclei show a rapid accumulation of Pa, the cyto- 
plasm of the lymphoma has a greater ^lecific per cent activity (per cent 
Po/mg Pc) ^ The lymphoma cytoplasm has a greater s.p.a. than the liver 
cytoplasm at all the mtervals after mjection except the last 2 days. If phos- 
phorus enters the cytoplasm more rapidly than it is bound by the nucleus we 
would expect not only a greater initial concentration of Pc m the cytoplasm, 
but also a greater dilution of the cytoplasmic Pc by Pc in the later mtervals 
after mjection This expectation is fulfilled smee on the 5th day when the spe- 
cific activity of the lymphoma nuclei is approximately 1 , that of the cytoplasm is 
only 0 07 Whfle m the lymphoma there is a rise m the s p.a of the nuclei with 
a corresponding decrease for the cytoplasm, m the hver both nuclei and cjrto- 
plasm decrease in specific activity after the 1st hour Nevertheless there is a 
gradual mcrease m the relative s.pju of the liver nuclei by a factor of about 1 4 
m 5 days (Table m, column 8) which indicates that the nuclei of the liver are 
synthesuang rdativdy non labile phosphorus compounds even though no cell 
division tnVwt place. In the lymphoma the concentration of Pa m the nucleus 
i8 much more striking, the relative specific activities of nucleus and cytoplasm 
increasing from 0 048 to 13.9 m 5 days, that is, by a factor of about 2W 

Pa Uptake tn Rdaium to MxUms 

To determine whether the rapid concentration of Pa m the nuclei is peculiar 
to the lymphoma, eiqienments were performed with mice of the Swiss 

strain carrymg bilateral sarcoma 180 tumors The results given m Table IV 
show that Pa is rapidly accumulated by the sarcoma nuclei m much the same 
way as was observed for lymphoma nuclei 

* Since specific activity has been defined as nucrocunes of activity per miTiigram 
we win use the term specific per cent activity (s-pA.) as the activity m per cent of the 
injected dose per mg Pji 
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In order to determine whether the rapid phosphorus accumulation by nuclei 
IS peculiar to tumor cells or is characteristic of mitotic activity of cells, the fol- 
lowmg experiment was performed The median and left lateral lobes of the 
hvers of three 150 gm rats were removed and P 32 as isotomc NajHPOi mjected 
by way of the femoral vem 36 hours later 3 normal rats and 3 rats carrying 
bilateral carcinoma 256 implants were mjected at the same time 2 days later 
the hvers were cleared of blood by perfusion with salme and the nuclei isolated 
from the hvers and tumors F or the normal hver the ratio of activity per cubic 
centimeter of nuclei to activity per gram tissue was 0 345, while for regeneratmg 
hver and tumor the ratios were 1 02 and 1 08 respectively When the P 32 was 
mjected 4 days after partial hepatectomy and the nuclei removed 3 days later 
the ratios for normal and for hepatectomized animals were 0 28 and 0 32 At 
this time very few nuclei were found m mitosis, while at 36 hours after partial 


TABLE IV 
Sarcoma 180 

Acltmty As Per Cent of Injected Dose 


Time after in- 
jection 

Activity/gm tissue 

1 

Activity /cc 

nuclei 

1 

Activity nuclei/ 
activity tissue 

Liver 

Tumor 

Liver 

Tumor 

Liver 

Tumor 

hrs 





■■ 



3 

7 47 

1 93 

2 84 


Wm 



5 

6 24 

3 12 

5 32 




i 1 35 

12 

6 16 

4 94 

3 98 



wm 

1 21 


hepatectomy 3 7 per cent were m anaphase or metaphase and a much larger per 
cent m prophase The rapid accumulation of P 32 by nuclei may therefore be 
attributed to mitotic activity and not to metabolism pecuhar to certam types 
of cells 

Distrtbuhon of Fs2 tn Nuclei 

The nuclei from tissues of 10 mice were extracted with 10 cc of 95 per cent 
alcohol at 55°C for 1 hour They were then placed m 10 cc of a mixture of 

2 parts alcohol and 1 of ether and left at 55‘’C overnight and then extracted 

3 times with 10 cc of alcohol-ether allowing 1 hour for each extraction The 
extract was then evaporated almost to dryness, taken up m water, and shaken 
5 times with petroleum ether The alcohol extract was also evaporated until 
the alcohol was removed and extracted with petroleum ether The nuclear 
residue was then extracted 3 times with 10 cc 5 per cent trichloracetic ac- 
id at 5°C 

Table V gives the distribution of Pa 2 m the different fractions as per cent of 
the activity m the untreated nuclei There is considerable variation m the 





















• In thc»e cxpcrinient* the w»ter«jlabie and BpJd fraction* aw asayed tOECther 
t Pb In fraction i» given as per cent of the ium of all fraction*, 
i High Pa in ireter and edd-whible fracUon* Is paraUelcd by comparably high P« vahiea 
for the tame nuclei Pn and Pa determination* on hvtr nuclei of the same onlmab ihoar no 
bereate in these fractloni. The rise must therefore be aaoaated with mitotic activity 
lonimtion by beU partides from P* produce* chromoiome fragment* which are not Included 
in the daughter nuclei after anaphase but form nucnmudei which at the oniet of the next cell 
dlvaion become di»rsani*ed, itain diffusely and eventually duappear A tumor with 
Wpm will have 30 per cent of its anaphase* with chrornotome fragmenU at 24 hri. after 
the Pa is mjected and with 17;ic wiU have 50 per cent such abnormal anaphase*. (11) II 
the dissolved material (nucldc add?) becomes incOTporated in the new nudel or adsorbed on 
their nirfaces the rise m the tad and water-aohible fractions may be accounted for See 

TibleVL 

Evidently even in the liver nuclei which do not undergo mitosis the greater 
portion of the P« taken up b m the noclcoprotem fraction. Furthermore a« 
early as 1 hour after the administration of the Pr the per cent m the nucleoprc^- 
ton B u great aa at aeveml days after injection so that conversion of cyto- 
plasmic phosphorus to nudeoprotem mnst be quite rapid 
The residuo of the tumor nudei contmn 90-95 per cent of the totaJ nndear 
activity at aU tunes until the 7 th day after injection of the P= Smee the tumor 
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IS growing rapidly and therefore synthesizing new nuclei, it is not suipnsmg to 
find practically aU of the P32 in the nucleoprotem fraction But m a so called 
resting nucleus, as in the hver, the phosphorus is also being replaced and smce 
It has been demonstrated that the P32 is not held m the hver nucleus as the 
phosphate ion, it follows that nucleic acid or portions of it are contmuaUy bemg 
broken down and reformed from phosphorus compounds furnished by the 
cytoplasm 

TABLE VI 


Dtslnbuhon of Pti tn Niicln 
Mg /Cc Packed Nuclet 


Nuclei 

Water 

soluble 

Acid 

soluble 

Lipid 

Residue 

Sum of 
fractions 

Liver 

3 85 

0 27 

0 30 

0 32 

2 26 

3 15 


4 50 

0 25 

0 13 

0 20 

3 75 

4 33 

m 


0 26 

0 22 

0 26 

3 01 

3 74 

LjTnphoma 

5 68 

0 20 

Trace 

0 11 

5 25 

5 56 


7 06 

0 18 

0 28 

0 15 

5 25 

5 86 

in 


0 19 

0 25* 

0 13 

5 25 

5 71 



7 days after mjection 

ofP« 



Liver 

3 59 

0 19 

0 40 

0 28 

2 82 

3 69 

Lymphoma 

6 26 

0 96 

1 30 

0 13 

4 15 

6 54 


* Analysis of a third batch of nuclei showed 0 23 mg P/cc packed nuclei The mean is 
therefore taken at 0 25 The deductions remam unchanged whether 0 14 or 0 25 is used 


TABLE Vn 



Fractions as per cent of Total 

SPA 


Pn 

Pa 

1 

Pa/Pn 


HrO i 

and 

aad 

Lipid 

Resi- 

due 

HjO 

and 

acid 

Lipid 

Resi- 

due 

HtO 

and 

acid 

Lipid 

Resi 

due 

Liver 

12 8 

7 0 

80 5 

18 4 

7 5 

71 2 

1 44 

1 07 

0 89 

Lymphoma 

7 7 

2 3 

92 0 

4 9 

1 1 

94 0 

0 64 

0 48 

1 02 


Table VI gives the distribution of phosphorus m the nuclear fractions as 
determined by the Pregl method Approximately 0 2-0 5 gm nuclei were 
used in each of the lots extracted 

In Table VII the P31 content of the nuclear fractions is given as per cent of the 
sum of the fractions The P*2 is given as the mean per cent of the sum of the 
P32 fractions from 1 hour to 5 days after administration of the phosphorus 
This procedure is not justifiable m the case of the aad-soluble fraction m the 
lymphoma nuclei which shows a very defimte mcrease with time 
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The quantity of nuclei used was too small for on accurate dctcnninatiou of 
the phosphorus distribution, but is adequate for a rough preliminary estfanate. 
In the liver nuclei the aad-soluble fraction has the greatest specific activity anH 
the nucleoprotem the least In the Ijunphoma, as might be expected, the 
specific activity of the nucleoprotem is about twice as great as that of the other 
two fractions If the specific activity of the trichloracetic aad soluble fraction 
13 calculated separately from the water-soluble fraction we find that it rises 
from 0 14 on the 1st day after Pa injection to 1 17 on the 4th day and 5 9 on the 
7th day The water-soluble fraction has a specific activity of 0^7 and shows 
no comparable mcrease with time until the 7th day 

Rale of P Rtplaccment in NucUv 

The time required by the nuclei of the Ijunphoma to bind a quantity of phos- 
phorus equal to that which they initially contained is the time required for the 
synthesis of an equal quantity of nuclei and should correspond to the tone it 
takes the tumor to double its size The time for complete replacement of the 
nuclear Pa may be calculated Let 

Upb Pn uptake by nudel cs per cent/gm. of the injected do*e* 

Cpa Pn uptake by cytoplaim && per oeat/gmu o( the injected dose. 

Cpn *■ Total Fa in the cytoplasm in 
Upn *" Pn uptake by nuclei in mSUgnm. 

Usmg the value for Cpn/Cp,^ observed at 1 hour after P» injection, if all the 
cytoplasmic P is available to the nucleus 

Upn - Cp,, X ^ ^ X Upb - 0J4iBg Pa/hr 

CPtt Cpn 

Since the nucleus contains 6 7 mg P/gm the time for complete rcplacwncnt 
is 27 hours The growth curve of the lymphoma (12) shows that a 14 day old 
tumor (0 6 gnu) will double its size m about 24 hours The agreement is sur 
pnsmgly good for an approximation but may be acodentaL 

Rate oj Synthesis oj Nudeoiides 

From the wiTy? of the lymphoma nucleus 1 67 X 10“^* cnu* and the 7 66 mg 
P/cc. nuclei, a smgle tumor nucleus is estimated as having 12 8 X 10“^* mg 
A lymphoma nucleus will thus contam 129 X 10^” mg or 62^ X 10* molecules 
of tetranudeotide, and if it takes 24 hours for a new nucleus to be formed 
7 X 10* molecules of tetranucleobde must be synthesized per second 

Bftcl oj X Rsty on Pn Uptake 

The decrease in Pjj content of hver nuclei shortly after a dmini stration of the 
Pa suggests a movement of phosphorus oat of the nucleus as well os into ib ^ 
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Similar process may occur m the lymphoma but be obscured by the rapid ac- 
cumulation of P52 due to the synthesis of new nuclear materials If the out- 
ward movement could be interrupted an mcrease in the P32 concentration m the 
nuclei IS expected Mice carrymg 13 day old lymphomas were given 200 ro- 
entgens, P32 mjected mtravenously one-half hour later, and tissues and nuclei 
isolated m the usual way at various mtervals afterward The results are given 
m Table VUE At 2 hours after the x-ray treatment the P32 concentration m 
the lymphoma nuclei is 1 6 times that of the controls and then gradually ap- 
proaches the control value When the x-ray dose is increased to 260 r the 
ratio of Ps2 concentration m the lymphoma nuclei is mcreased from 1 7 to 2 1 at 
3 hours 


TABLE Vm 

Pa Uptake Following X-Ray 
207 r — 13 Day Tumors 


Time 

after 

Tiisue per cent injected dose 

Nuclei per cent mjected dose 


Nuclei/tissue 


irradia- 

tion 

Liver 

Control 

Tumor 

Control 

Liver 

Control 

Tumor 

Control 

Liver 

Con 

trol 

Tumor 

Con- 

trol 

hrs 

2 

6 16 

7 2 

3 54 

3 9 

1 52 

2 0 

2 56 

1 60 

0 246 

0 30 

0 72 

0 46 

3 

5 75 

6 5 

3 54 

3 9 

1 66 

1 75 

3 66 

2 50 

0 288 

0 28 

1 03 

0 60 

6 

5 65 

5 8 

3 48 

3 9 

1 71 

1 65 

5 38 

4 9 

0 274 

0 30 

1 558 

1 02 

12 

4 05 

4 0 

3 82 

3 9 

1 54 

1 40 

7 45 

6 1 

0 381 

0 36 

1 95 

1 36 

24 

2 92 

3 0 

3 30 

3 9 

0 815 

1 20 

7 19 

6 8 

0 280 

0 40 

2 18 

1 60 

3 

5 15 

6 5 

3 79 

3 9 , 

260 r- 
2 12 

-15 day tumors 
1 75 [ 5 17 1 

2 50 

0 412 

0 28 

1 36 

0 60 


After irradiation with x-rays a considerable proportion of the nuclei becomes 
pycnotic To determme whether the mcreased accumulation of P32 m the 
nuclei might be a consequence of the pycnotic condition, mice were given 200 r 
and the tumors removed and exammed microscopically at 1 / 2 , 1 , 2 , 3 , 6, and 
8 hours after irradiation There is a small percentage of pycnotic nuclei m the 
non-irradiated control tumors After irradiation there is no noticeable mcrease 
m pycnosis the first 2 hours after irradiation, at 3 hours there is a shght in- 
crease, which becomes very marked by the 6th and 8th hours Smee the max- 
imum mcrease m P32 concentration is observed at 2 hours after irradiation this 
effect cannot be a consequence of pycnosis 
Table IX shows that the P32 concentration of the irradiated tumor tissue 
remams consistently about the same or shghtly less than that of the control 
tumor In the irradiated nuclei the concentration is about 60 per cent greater 
than the control at 2 hours after irradiation, then decreases to a value 10-20 
per cent greater than the control at 5-24 hours The irradiated cytoplasm on 
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the other hand has 20 per cent less than the control at 2 hours and decreases to 
40-60 per cent less than the control at 5-24 hours. 

Increase m permeability cannot be invoked as an explanation for the m 
creased nuclear Pa content since the total P® content of the tissue is not in 
creased. The altered distribution of the Pa may then be attributed cither to 
increased uptake by the nucleus or to decrease m movement from the nucleus 
to the tytoplasm. Since the irradiated bver nudei show less than the controls 
the rate of movement of Pjs out of these nudei cannot be inhibited unled we 
assume a simultaneous decrease m rate of movement mto the nuda. 

Whatever may be the immediate cause of the altered distribu,tion ofPa in the 
cell it IS dear that the x ra> effect is imn-enstent or small in the liver but 
pronounced m the tumor As previously pomted out the difference m 
normal Pa uptake by nuda of Irver and lymphoma is to be attributed to active 


TABLE IX 

JXfiriMion ef Pa ht Lymphoma JoUovini A Ray 
Per CeiU Pa/Om, 


Time alter 

1 Tlfwc 

1 N«ckl 

1 CjrtofiUfin 


Control 


x/c 

CoOtTOl 1 

X-f«7 

r/c ^ 

Cootnl 

X-f»y 

XK 

in 










2 

3 9 1 

3 S 

0 90 

1 9 ! 

3 0 ' 

1 6 

3 1 1 

2 5 

0 8 

3 1 

3 9 

3 5 

. 0 90 1 

3 0 { 

4 3 

1 5 

2 9 1 

2 1 1 

0 7 

6 

3 9 1 

3 5 

1 0 90 1 

5 8 I 

6 3 

1 ^ ^ 

1 2 2 

1 1 3 

0 6 

12 1 

3 9 1 

3 8 

1 0 98 1 

n \ 

8 8 

IJ 

111 

HI 

0 7 

24 1 

3 9 1 

3 3 

[ 0 as 1 


8 $ 

1 1 

1 1 1 

iB 

0 4 


mitosis m the latter The concentration of phosphorus in the lymphoma 
nuclei after irradiation may therefore be associated m some way with mitotic 
activity X rays will mhlbit the onset of mitosis arrestmg the nuclei m the 
resting stage. Sometime latei than 3 hours after irradiation metaphase and 
anaph^ nuclei begin to reappear The results therefore suggest a correlation 
between the mcreased concentration of phosphorus m the nuclei and the 
inhibition of mitosis. 

DISCUSSION 

TTnbn and Hcvesy (13) studied the rate of turnover of nucleic aad m rabbit 
liver with the aid of Pn They found that although other organic com- 
pounds of the liver were completely renewed m a few days only 1/3 of the nu 
cleic add phosphorus is replaced after as much as 50 days They also suggest 
that the low specific acbvity of the nucleic aad may be due to a posslbleslow 
penetration of morgamc phosphorus mto the nucleus This is not supported 
by the results of the experiments reported here, which show that the nudei 
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contain 4 1 per cent/gm of the mjected Psa at 1 hour after mjection and 65 
per cent of this is already converted into nucleoprotein The rate of P 33 uptake 
by the hver nuclei is greater than that of the l 3 Tnphoma In the latter there is 
complete P 31 replacement m about 1 day It follows that m the hver nuclei 
there is complete replacement m 1 day or less In these experiments it has been 
shown that there is httle or no exchange between morgamc phosphorus and the 
nuclei Hahn and Hevesy have shown that there is no m vitro exchange be- 
tween thymus nucleic acid and morgamc phosphorus From the results of both 
experiments we may conclude that phosphorus enters the hver nucleus by re- 
placement of nucleic acid or portions of it An explanation of the apparent 
discrepancy m the specific activities of nucleic acid found in the two experiments 
may he m the fact that the hver nuclei not only pick up phosphorus rapidly but 
give it up rapidly as well and smce Halm and Hevesy’s conclusion was based on 
calculations of the nucleic acid P 32 found m the hver at 24 hours after it was 
administered, the maximum rate was not observed 

Tuttle, Erf, and Lavurence studied the phosphorus metabolism of normal and 
leukemic tissues with the aid of P 32 They found a rapid conversion of the m- 
orgamc phosphorus to nucleoprotein by the lymphoma and were of the opmion 
that this was too rapid to be accounted for by growth alone (14) In these 
experiments it has been demonstrated that there is good agreement between the 
rate of P 32 uptake bj'’ nuclei and the rate of growth of the tumor Furthermore, 
when a tissue such as the hver is stimulated to a high rate of mitotic activity 
there is a correspondmg rise m the rate of P 32 mcorporation mto nuclei How- 
ever, It IS also true that a tissue (hver) showmg no mitosis will also convert m- 
orgamc P32 to nucleoprotem and also, a rapidly growmg tissue (lymphoma) has 
cytoplasm with a high specific activity Apparently synthetic processes and 
glycolytic processes m the cell are mterrelated and cannot be treated as though 
mdependent Such synthesis is evident m the replacement of nucleoprotem 
even m nuclei which do not undergo mitosis 

SUIOIARY 

1 A method for isolatmg nuclei in quantity from mammahan tissues is de- 
scribed 

2 The rate of uptake of radioactive phosphorus by nuclei is found to be 
quite rapid The phosphorus was shown not to be taken up by exchange 

3 Nuclei of tumors accumulate more radioactive phosphorus than normal 
hver nuclei This was shown to be due to mitotic activity and not a form of 
metabolism peculiar to tumor cells 

4 The specific activities of nuclei and cytoplasm are compared 

5 60 to 70 per cent of the nuclear radioactive phosphorus is present as nu- 
cleoprotem from 1 hour to 5 daj’^s after it is administered In the lymphoma 
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nuclei 90-95 per cent of the phosphorus is m the nudeoprotein fraction from 
1 5 days after it is administered 

6 The specific activities of the nudeoprotein, hpid, and rtriA soluble frac- 
tions of liver and tumor nuclei are compared, 

7 From the rate of P» uptake by nuclei it is calculated that a new lym- 
phoma nudeus is synthesized on the average once every 27 hours This is m 
agreement with the observed rate of growth of the tumor 

8 In the lymphoma nudeus it is calculated that 7 X 10* molecules of tetm 
nudeotide are synthesized per second 

9 Irradiation with 200 r x rays altera the distribution of Pa m the lym- 
phoma ccH, markedly increasing the concentration in the nudeus shortly after 
irradiation. The Pa concentration m the cytoplasm decreases with timp after 
irradiation It is suggested that the altered distribution is correlated with the 
inhibition of mitosis produced by the x rays 

10 Continual synthesis of nudeoprotein takes place even m nudel of 
which do not undergo mitosis 
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THEORY AND MEASUREMENT OF VISUAL MECHANISMS 
VH Tse Fucker Response Fonchon Ootstoe the Fovea 
Bt W J CR02IER HO ERNST WOLF 
(From the Bujlopajl Laborahrutt Bartard Unmmlyt Cambridge) 

(Received for pubbcatioo Mardi 19, 1941) 

I 

Our eb'ef interest in obtaining flicker response contours for exatabon of an 
eitiafoveal region has been to modify differcnbally the parameters of the “rod” 
and “cone" response curves, and thus to test the general nobons already em 
ployed for the analybeal separabon and mterpretation of these functions. 
This mvolves not merely a test of the respective ptoperbes of the two parts of 
the duplex curve, but also of the mterrelabons between these components. 
Such a test can be made m several ways. In one of these, by using an image of 
the same areal extent (1) centered at the fovea and (2) placed outside it, one 
necessarily mvolves changes m the numbers and proporbons of cones and rods, 
as well as changes m the basic exatabihty per (small) umt area and m the area 
as a whole. The experiment here described was designed to exhibit the result- 
ing diflerences m the flicker response funebon, for different wave-length com 
positions and as a funebon of the light tune fracbon in the flash cycle. These 
differences are then to be considered m terms of the theory of the nature of the 
curves A different manner of carrving out tests of this general unport will be 
considered in a followmg paper 

To obtam data for the exammabon of this matter which should be reason 
ably homogeneous one observer was used, employmguniocular measurements 
(W J C , left eye) with white, red, and blue lights of the land already used for 
the same retinal area (square ca 6 13" on a side) with foveal fixation, but now 
fixated with the center of the area SAr on the temporal side of the fovea, and 
0 10 and 0 90 In this way it was possible to secure the desu ed infonna 
bon without too great a bme spread By suitable check measurements it was 
verified that no appreciable changes in exatabihty occurred, withm the senes 
of tests or m respect to the homologous measurements with foveal fiiabon 
already considered 

The technique of the measurements has been described in some detafl (Cn>- 
ner and WoU, 1940-11 a, 1), and the descripbon of the instrumentation (Crooer 
and Holway, 193&-39 o) and procedure will not be given agam here. We shall 

29J 
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present the data as compactly as possible, without much theoretical comment, 
before discussmg the deductions to be drawn 

TABLE I 


Data for flicker response contours with while, W J C , monocular (left), 6^3“ square 
centered 8 37® on temporal side of fovea, 4 = 0 10, 0 50, and 0 90, each entiy is the mean 
of 10 observations, and P E u m mlltlatnberis See Fig 1 




i 0 10 

0^0 

090 


log/n, 

log PE,/ 

log/n 

log PE,/ 

log/m 

log P E // 

per sec 







2 

6 1696 

7 5595 

6 8616 

6 4857 

4 4686 

6 9235 

4 

6 3032 

7 7701 

4 0294 

6 5387 

4 6726 

6 9411 

6 

5 4763 

7 7281 

4 1821 

6 4865 

4 8633 

5 3278 

8 

6 6368 

7 9669 

4 3160 

6 6625 

3 0362 

5 4631 

10 

6 7798 

6 1906 

4 4856 

5 0734 

3 2030 

5 5974 

12 

6 9348 

6 2497 

4 6838 

5 1519 

3 3709 

5 6220 

14 

4 0927 

6 5001 

4 9302 

5 2799 

3 6469 

5 9528 

16 

4 3716 

6 7843 

3 1662 

5 6676 

3 8090 

4 1773 

18 

4 6821 

5 0309 

3 4884 

5 7830 

1 2 1776 

4 3731 

19 

4 9616 

5 2226 

3 9179 

4 2446 

2 6321 

4 9132 

20 

3 6866 

4 0672 

2 6646 

4 8336 

i 4118 

3 8168 


8 5769 

4 0218 

2 6895 

3 2355 

i 3773 

! 3 9123 

21 



2 7807 

3 1543 

1 

1 

1 

22 1 

2 2542 1 

4 5943 

2 9294 

3 3384 

i 7483 

2 0447 

25 

2 3791 1 

4 9142 

i 2164 

3 7302 

i 9666 

2 4025 

30 

2 7372 

3 0337 

i 6112 

1 3 9822 

0 2065 

2 6592 

35 

i 0923 

3 4370 

i 8644 

5 5587 

0 6377 

2 8508 

40 

i 6135 

3 9188 

0 2730 

2 8669 

0 9607 

i 2386 

1 



0 6374 

i 6558 



45 

0 1601 

2 5813 

0 8941 

i 3195 

1 6636 

i 7694 

48 



1 8911 

i 8191 

2 0962 

0 4399 

50 

1 1062 

i 4482 

1 7973 

0 4452 

2 7206 

1 0615 


1 0676 

i 4890 

1 8396 

0 3165 



51 

1 6218 

0 0895 

2 4668 

0 9644 

3 6010 

2 0262 


1 7429 

0 2821 





52 

2 6170 

1 0581 





1 

2 2799 

1 0 8879 






n 

Tables I, n, and m contam the data for white at = 0 10, 0 50, and 0 90, 
and for blue and red respectively with /x, = 0 10 and 0 90, for the 6 13° square 
centered 8 37° on the temporal side of the left fovea A small red dot suitably 
located and of suitable mtensity provided a foveal fixation pomt The square 
image thus located did not overlap the image of the same size when centered at 
the fovea In its position for the present observations the field mcluded the 
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initial flattisli part oi the curve oi “intrinsic retaul esatabDity” ior this ob- 
server, as determined by the use of a quite small test area briefly exposed 
(Crosier and Holway, 1938-396), rvhen/oreulfy centered it mcluded the region 
of markedly least primary exatabflity The red hght was secured by using 
Wratten Filter No 70, the blue with No 47, as in the preceding expenmenta 

TABI,E n 


AsinTeHcJ MfcrBlu4<Uli-OJO OM- SeeTat, ani Fit ^ 


F 

‘l- 

oao 




V»PE.„ 


WPit/ 

P4Ttte 





3 



7 8261 

1 1368 

4 



? 49*8 

9 7693 

6 



f 9006 

S 3597 

8 



8 1498 

5 7383 

10 

7 6037 

5 9117 

e 4601 

5 8495 

12 

f 7»tS 

8 3133 

8 8598 

1 4266 

H 

§ mo 

§ 6541 

8 3678 

7 6225 

16 

6 3707 

S 6936 

8 5998 

T 9959 

18 

i G867 

8 93S2 

B B480 

S 1127 

19 

6 8*15 

S 9<Mr 

8 4168 

? 7143 

20 

6 mi 

S 1931 

4 8868 

3 2423 


5 TWS 

6 1170 

i 6374 

S 2519 

25 

1 4915 

6 9613 

8 4H0 

S 8431 

30 

4 7438 

3 9968 

5 7686 

4 1311 

35 

S 1104 

5 6567 

2 1808 

{ 5364 

40 

S M4a 

4 0975 

8 8882 

3 0945 

45 

§ UM 

4 5759 

i 1991 

3 8428 

48 



1 6463 

1 0952 

50 

i 74*9 

3 2094 

i 9614 

J 2459 

52 



0 6306 

3 8740 

S3 

i 1643 

3 8026 



54 



1 5160 

I 6953 

55 

i 8010 

i 4312 

2 2186 

0 49T6 

58 

1 1637 

0 2963 




1 4849 

1 6105 




(Crosier and Wolf, 1941-42 a) The mean mtenslties given m the tables, and 
their PJE i values, are in log millilambert umts, as obtained from photometric 
matches with white (below the color level) 

The general properties of the F log contours for the extra fovea! situation 
are to those established under conditions of foveal fixation (Croner and 

Wolf 1940-415,1941-420) The "cone" is lower for the extra foveal 
location, the ‘rod” higher There are a number of quantitative differ 
ences in detail The extent to which these differences can be brought into a 
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consistent picture of the meaning of the ;7-log/„ contour ^viU be considered 
m the succeeding sections 

Fig 1 IS a plot of the measurements Tvith ivhttc at the three h'ght-time fiac- 
bons^ It^also contams the extrapolations of the “cone’' probability integrals, 
the “rod” difference curves, and certam information about the subjective 
character of the end-pomts Fig 2 exhibits the “cone” data on a probability 
grid The three slopes here (and consequently (r’lcg r) are the same The 


TABLE m 

As tn Tables I and II, but for Red, See Text, and Fxg 10 


F 

r^-oio 

090 


lOg/n 

loe PE,;- 

Jog/n 

Jog PE jj 

ftr stc 





2 

6 6203 

7 8699 

4 6020 

5 0275 

4 

6 7061 

6 2467 

4 7771 

S 2129 

6 

4 0663 

6 5448 

3 1661 

5 5850 

8 

4 4467 

6 7630 

3 6668 

5 9410 

10 

4 7827 

5 0589 

3 8939 

4 3626 

12 

3 0621 

5 4702 

2 2316 

4 5992 

14 

3 3066 

5 6796 , 

2 4203 

4 7719 

16 

3 6813 

5 9914 

2 7074 

3 0515 

18 

3 8590 ! 

4 2270 

1 2 9648 ' 

3 3391 

20 i 

2 0886 

4 3645 

i 2148 

5 7706 

25 

2 4174 

[ 4 8357 

i 6600 

1 5 8851 

30 

2 6668 

4 9158 

i 8164 

i 2 1599 

35 

1 i 0142 

3 4323 

0 1438 

2 5210 

40 

i 3901 

5 7272 

0 5299 

2 8889 

45 

i 9841 

2 4205 

1 0966 

1 6918 

4S 

50 

0 6677 

1 0184 

1 3704 

1 7079 

i 7181 
f 9552 

51 

52 

53 

0 9962 

1 7661 

i 2723 

0 0331 

1 9316 

0 3439 


values of the “cone” Fr^ are agam m rectilinear relation to the hgbt-time 
fraction (Fig 3), as are also the magmtudes of the abscissa of inflection r’ 
(Fig 4) 

For the same area of test patch the total number of available primary retinal 
cone umts must be presumed less vath the extra-foveal location than for the 
foveahy centered locapon, but without foveal regard the number concerned 
m recognition of the end-pomt could n eU be greater It has been pomted out 
(Crozier and Wolf, 1941-42 c, b) that there is to be expected, for ^ 
mcrease in the number of these units, a decrease of r W Crozier, 1940, 
1941) The values of are a function of the frequencies of effective con- 
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tributions from these units, as well as of their number For the foveal and 
extra foveal locations v?e find that the slope m. Fig 2 is actually the greater, 
and I consequently smaller, as e^>ected The "rod” slope (nsing, Fig 
5), here presumably rcpresenUng the partiapation of a larger population of 
rods, might be expected to be less, and la actually about identical or msignlfi 
cantly greater, for the foveal and extra foveal locations (cf data m Croner 
and Wolf, 1940-41 b) (For the "rod" curve the apparent is the result of 



Fig 1 Data m Tiible L Flicker response contours for extra foveal square with 
it — 0 10 0^ 0 90 \ohile light on each curve the lower mark indicates the upper 
Intensity limit of smooth blue gray fields the upper mark indicates transition to a 
smooth field with foveal end point between these marks the fields are 'speckled ” 
For the cone portions of the contours the lines are probability integrals as adjusted 
m Fig 2 these are extrapolated toward F — 0 and the dotted difference-curves 
C*rod 0 ore also giN'cn 

inhibiUve "cone” competition, Croner and Wolf, 1940-41 c, ft 1941-42 a) 
Inadentally, it must be pomted out that m view of the extrapolations (as m 
Fig 1, etc ) and difference-taking with curves of different shapes mvolved in 
getting at the intrinsic "rod’ curves, this kind of quantitative agreement, not 
expected, la a remarkable fact It defimtely stnmgthens the view that the 
procedure used is valid It may be suggested that, so far as white is concerned, 
the number of effective ' rod' unxU may wcU be about the same for the two 
areas studied 

As a test of the general proposition concemmg the effect of a change m the 
number of ‘ cone umts, we note that m the present senes Fomul is much leas 
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responsive to change of fz. (Fig 3, cf Croner and Wolf, 194CM16, 1941-42a), 
althou^ t ' b more responsive. 



Fio 4 The rcctflinear relatKmsiup between the absdea of Inflection r' of the 
‘cone” probability curve (Fig 2) and the b^t tune percentage 



Fxo 5 The rising end descending bnincbes of the difference curves in Fig 1, 
•hown on a probability gnd Coordinates ol pobta on the dotted curves of Fig 1 
arc shown as plotted. The value taken for Fi« is the same for all three carvcs> 
narady F,*, - 12.8/fec 

The variation data (Table I, Fig 6) exhibit no unusual features (^ Crorler 
and Wolf, 1940-41 a, 6) The scatter of F E u for /l =■ 0 10 la smaller, rela- 
tively, despite the extra foveal fixation, than might have been expected. The 
scatter coefficients (o-px.!) are low, and their relation to F»*x. does not differ 
signfficantly from those expected by extrapolation (Fig 7) from the relation 
estabbshed for the fovcally centered tests. The proportionabty constants for 






Fig 6 The relation between log I„ and log PE u for the w/iite data of Table I 
and Fig 1 See text 




Ol 

o 



Fig 7 The relation between the scatter coefficients for P E u, and The 

open circlets are from previous measurements with the test square foveally centered, 
the solid dots for the present measurements (Fig 6) with the eictra-fovcal square 
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PvE u “ fc /« arc in excellent agreeinent with those already obtained for the 
foveally centered patch 

As illustrating the complex character of the relationships appearing m a 
multivariate system of this sort, it is useful to compare the F — log J* curves 
with the same test area m the two locations used. The essential pomts appear 
for any level of /z., we take for illustration (Fig 8) 0 10 It is obvious 



Fio 8 Compansoa of flicker response contours /x, - 0 10 for the same square 
test area cente^ at the fovea and on the temporal side of the fovea, tekiie light 
W J C monocular Gcft eye), open drclets, test square centered at the fovea solid 
dots centered 8.37® on temporal side of the fovea. 

that any real comparisons must depend upon the properties of the function as 
a whole. 


m 

The curves for blue and red corre^ndmg to Fig 1 for white are given m 
Figs. 9 and 10 (Tables H and HI) As with the wJtUe, the for both 
blue and red is less with the foveally centered square, m each case the value of 

P is greai^ th^in for wkiie The values of r', for each tc, are well below 

those for the whtie The variation indices follow the rules already discussed, 
and the mean ratio ifc * P.E i/7*hasthc8ame value (Fig H) 








Flo 11 Vamtion d»ti for red and Wxe II and HL Ste text 


The probabiUty integrals adpisted to the red and Hue data (“cones”) show 
that (ng 12), as for the foveally centered case, (/s* i for the Hue is greater 
than for the red The red o'lo, i is, like that for tokue, lets than for the square 
foveally centered, the Hue tr's,, 7, however, is a very httle hgier in the present 
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senes, — although the difference is not very significant Some further mfonna- 
tion is given by the fact that while m the foveally centered series the bhie and 
red Fnmi. are about equally affected (the blue a httle more) by change of h 



log Ijn. 

Fig 12 The upper (“cone”) branches of the data in Figs 9 and 10 put on a prob- 
abihty grid The associated values of Pmvr are indicated 



Fig 13 The relation between Fmai and the hght-time fraction, for the red and 
the blue 


(Crozier and Wolf, 1941-42 a), m the present case the effect on the red values is 
proportionately much less (Fig 13) and less than for the foveally centered test 
patch, whereas with the blue it is shghtly more This is correlated with the 
fact that the displacement of the test patch to the temporal side of the fovea 




Fio 15 The rod difference>carve8 of Figs. 9 and 10 for War and red respecthrely 
ahovra on a probability grid. 

The disMcted-out ‘rod ’ oirves (Figs 9 and 10) have been transferred to a 
probability grid m Fig IS The separation of the “rod” and “cone” popula 
tions of effects is here great enough so that m each case the apparent “rod” 
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Fjnox declines as is made greater (c/ discussion m Crozier and Wolf, 1940- 
41 b) The rismg “rod” (r'log / (mdependent of h) is greater for the red, and less 
for the blue, than m the foveaUy centered series In terms of the view that one 
expression of the neural mtegration of “rod” effects is the mcreasmg value of 
a' as the number of umts involved is made greater, whereas for the “cone” 
umts the reverse is observed (Crozier, 1940, 1941), this could be taken to mean 
that m movmg out from the fovea we have a larger number of red-excitable 
“rod” umts and a smaller number of blue-excitable “rod” units 
We refrain from discussmg the question of rod wave-length excitation in 
detail, because it is obvious that one would require determinations with a 
series of wave-length compositions and a range of test areas m several different 
locations Nevertheless it must be pomted out that the rapidity of the drop of 
the (small test area) “absolute” threshold for blue, m moving out from the 
fovea, IS considerable, — whereas that for red drops very much more slowly 
(or, under certam conditions, rises — Crozier, Holway and Wolf, 1941-42) 
This can be made consistent with the mdications herem obtained from the 
properties of the dissected-out “rod” curves, if we remember that the apparent 
“rod” curve m flicker recogmtion is the result of a competition with “cone” 
effects, the proof of this can be obtained by the study of divided fields (Crozier 
and Wolf, 1941-42 i) We note that, m contrast to the situation with the 
foveally centered patch (Crozier and Wolf, 1941-42 a) the log I separation of 
the “rod” and “cone” branches is more extensive for the red and rather less 
for the blue 


IV 

Certam questions raised m our precedmg account of the F — log contours 
with the foveally centered test area must be briefly considered m the hght of the 
present measurements, although they cannot as yet be adequately resolved 
It was pomted out (Crozier and Wolf, 1941-42 c) that a comparison can be 
made of the energies required to activate one-half the potentially excitable 
elements {dF/d log I) This was made by estimatmg the values of II which 
for various colors and white would bring the (“cone”) curves to the same F^kx , 
and also the correspondmg values of r' In this respect the mean energy flux 
for the white lay between that for the red and the blue In terms of the proper- 
ties of tr'ioR I, also, white was mtermediate between blue and red, and thus 
might be taken to mvolve numbers of umts m the order B > W > R The 
same is true m the present senes, the blue cr'iog / having mcreased (a little) m 
the extra-foveal series and the red o-Vc / havmg decreased 

WTiile it IS certainly too early to discuss the possible bearmg of these con- 
siderations upon the nature of “white,” for example, it can be pomted out that 
if white IS taken to be a competitive synthesis of blue, red, etc , then the kmd 
of result here obtamed can be rationalized the mtermediate value of the white 
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the smaller value of its under given conditions, and the mtcr 
mediate value of the mean energy flux for half activation of the elements of 
effect potentially exatable This conception can be more profitablv exploited 
in other connections Before it can be done efficiently it is desirable to show 
that the methods used for the analysis of the exatation contours are such as 
possess generahty There are two dlstmct aspects to such a demonstratioru 
The nature of the micro-heterogeneous neural mechanism mvolved in the 
visual eratation-response phenomena requires that the methods for its analysis 
have to be non specific, that is, they must be quantitatively appUcable to differ 
ent kinds of animals This first requirement is obviously met, with reference 
to the types of contour* obtained for a quite varied assemblage of animals and 
with reference to the dependence of these contours upon such variables as 
area eiated, temperature, and li^t time fraction, we can add to this the 
essential confotmity m the effects of wave-length composition of light (un 
published) 

It IS equally necessary to show that there prevails the same kmd of inner 
consistency of the analysis when, as can be done with man, different regions of 
the retina, with known different intrinsic properties, are examined in a single 
individual A sign of this consistency is found in the rational relations of the 
parameters of the complex contour to variables such as those used in the pres- 
ent teak The system of relationships of which this test gives a glimpse is the 
significant thing rather than the particular relations between any two van 
ables under conditions otherwise fixed It has been emphaaued that a basic 
feature of the analysis demands the separation of the properties determined by 
the number of umts of a given class potentially datable, from those properties 
due to the frequenaes with which these units contribute to the total effect 
measured- A procedure for illustrating this separation, and its experimentally 
measured consequences, is considered m some detail m a following paper 
(Crorier and WoU, 1941-42 6) The meaning of its results can then be utilired 
for further studies of exatation as a funebon of wave length 

V 

gOUUAUV 

The several parameters of the flicker response contour (f — log /) are 
considered as a function of wave-length composition (white, blue, and red) 
and light tunc fracbon, for an extra fovcal region (monocular, temporal 
retina) These data arc compared with those secured for the same image area 
centrally fixated at the fovea The systematic changes m the parameters are 
shown to be m rabonal relabon to other relevant exatablhty data Since 
for two retmal regions the pr imar y contour* are quite different, the systemaUC 
nature of the behavior of the parameters in the two cases is a real test of the 
power of the analysis proposed Theorebcal interpretation is required to 
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deal with the properties of sets of performance contours under systematically 
varied conditions, and cannot rely simply on the companson of (for example) 
two contours under the same arbitrary conditions at two retmal locations In 
particular it is emphasized that a quahtative separation must be made of the 
two factors of (a) number of umts and (b) the frequencies of their actions, 
before the wave-length problem can be dealt with effectively 
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deal with the properties of sets of performance contours under systematically- 
varied conditions, and cannot rely simply on the comparison of (for example) 
two contours under the same arbitrary conditions at two retmal locations In 
particular it is emphasized that a quahtative separation must be made of the 
two factors of (a) number of umts and (b) the frequencies of their actions, 
before the wave-length problem can be dealt with effectively 
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tions made by Warburg (1) PhotosjTithesis at different bght intensities is measured 
as a function of the oyygen content in the gaseous atmosphere and the decrease of the 
rate of photosjmthesis with the rising orj'gen concentration is studied That the 
depression of the rate under the influence of ovygen actuall> can be used to obtam 
information on photoiadation processes will be shown in this paper The second 
method introduced by i>an der Paauw (2) is a direct one and is the method used by us 
Plants are irradiated m gaseous atmospheres containing oxj'gen but practically no 



Fig I A modified Warburg vessel m which a leaf is mounted on a rotor, with the 
lower surface contaimng the stomata just above a pool of KOH solution 

CO 2 , the CO 2 produced by respiration and photoxidation ha\nng been removed as 
effiaently as possible b)’’ K.OH solution The influence of photosynthesis on the 
pressure readmgs thus becomes small under these conditions and the oxj'gen uptake 
under the influence of hght can be measured manometncally Fig 1 shows the mam 
part of the modified Warburg manometer used bj’’ us, some improvements and 
adaptations for the purposes of our experiments distmguish it from inn der Paauw’s 
ongmal dence 

A round piece of hydrangea leaf 3 7 cm in diameter with a 0 6 cm hole m its center 
was cut out with a punch and mounted under a wire gauze rotor mth the underside 
of the leaf down This rotor was supported on a jen el beanng by a needle so that 
the leaf was just a few millimeters abo\e the surface of a layer of 10 per cent KOH 
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tions made by Warburg (1) Photosynthesis at different hght intensities is measured 
as a function of the oxygen content in the gaseous atmosphere and the decrease of the 
rate of photosynthesis with the nsmg oxygen concentration is studied That the 
depression of the rate under the inffuence of oxygen actually can be used to obtam 
mformation on photoxidation processes will be shown m this paper The second 
method introduced by van der Paauw (2) is a direct one and is the method used by us 
Plants are irradiated in gaseous atmospheres contaimng oxygen but practically no 



Fig 1 A modified Warburg vessel in which a leaf is mounted on a rotor, with the 
lower surface contaimng the stomata just above a pool of KOH solution 

CCfe, the CCb produced by respiration and photoxidation having been removed as 
efficiently as possible by KOH solution The influence of photosynthesis on the 
pressure readmgs thus becomes small under these conditions and the oxygen uptaie 
under the influence of hght can be measured manometncally Fig 1 shows the mam 
part of the modified Warburg manometer used by us, some improvements and 
adaptations for the purposes of our experiments distmguish it from van der Paauw's 
onginal device 

A round piece of hydrangea leaf 3 7 cm m diameter with a 0 6 cm hole m its center 
was cut out with a punch and mounted under a wire gauze rotor with the underside 
of the leaf down This rotor was supported on a jewel bearmg by a needle so that 
the leaf was just a few millimeters above the surface of a layer of 10 per cent KOH 
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tions made by Al^arburg (1) Photosynthesis at different light intensities is measured 
as a function of the oxygen content in the gaseous atmosphere and the decrease of the 
rate of photos 5 mthesis mth the nsmg oxj^gen concentration is studied That the 
depression of the rate under the influence of oxygen actuaUy can be used to obtam 
information on photoxidation processes will be shown m this paper The second 
method introduced by van der Paauw (2) is a direct one and is the method used by us 
Plants are irradiated in gaseous atmospheres contaimng oxj'gen but practically no 



Fig 1 A modified Warburg vessel m which a leaf is mounted on a rotor, with the 
lower surface contammg the stomata just above a pool of KOH solution 

CO 2 , the CO 2 produced by respiration and photoxidation havnng been removed as 
effiaendy as possible by KOH solution The influence of photosynthesis on the 
pressure readings thus becomes small under these conditions and the oxygen uptake 
under the influence of light can be measured manometncally Fig 1 shows the mam 
part of the modified Warburg manometer used by us, some improvements and 
adaptations for the purposes of our expenments distmguish it from van der Paauw’s 
original devnee 

A roimd piece of hydrangea leaf 3 7 cm in diameter mth a 0 6 cm hole m its center 
was cut out with a punch and mounted under a n ire gauze rotor with the underside 
of the leaf down This rotor was supported on a jenel beanng by a needle so that 
the leaf was just a few mflhmeters above the surface of a layer of 10 per cent KOH 
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tions made by Warburg (1) Pbotosjmthesis at different bght mtensities is measured 
as a function of the oxygen content m the gaseous atmosphere and the decrease of the 
rate of photosynthesis with the nsmg oxygen concentration is studied That the 
depression of the rate under the mfluence of oxygen actually can be used to obtam 
information on photoxidation processes will be shown m this paper The second 
method mtroduced by van der Paauw (2) is a duect one and is the method used by us 
Plants are irradiated m gaseous atmospheres contammg oxj'gen but practically no 



Fig 1 A modified Warburg vessel m which a leaf is mounted on a rotor, with the 
lower surface contammg the stomata just above a pool of KOH solution 

CO 2 , the CO 2 produced by respiration and photoxidation havmg been removed as 
effiaently as possible by KOH solution The influence of photosynthesis on the 
pressure readmgs thus becomes small under these conditions and the oxygen uptake 
under the mfluence of hght can be measured manometncally Fig 1 shows the mam 
part of the modified Warburg manometer used by us, some improvements and 
adaptations for the purposes of our experiments distmguish it from van der Paauw’s 
ongmal device 

A round piece of hydrangea leaf 3 7 cm m diameter inth a 0 6 cm hole m its center 
was cut out with a punch and mounted under a wire gauze rotor with the underside 
of the leaf down This rotor was supported on a jewel bearmg by a needle so that 
the leaf was just a few mflluneters above the surface of a layer of 10 per cent KOH 
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solution in the glass \cascl of Big 1 Two paraffined thread* looped over the rotor 
trailed in the KOH thus sUmng \t adequately On top of the rotor was a magnctued 
iron strip which caused the leaf to rotate at a rate of 145 when a rotating mag 
netic field was applied from the outside. 

The light source was a 2000 watt bulb with a ^hcncal mirror behind it the hgtt 
was collected by a pair of 10 inch condenser lenses mounted together An image of 
the condenser lens was focussed on to the bottom of the vessel of Fig 1 contained in 
a glass-waBed thermostat tank, with the aid of another large condenser Irpn and a 
mirror placed m the water 2 mehes of flowing water served os an infrared remover 
Large KoUe culture flasks filled with CoSOi or with solution ^Te^c used m 

special experunenta as color filters. Calibrated wire screens were used to vary the 
light mtensity 

(Later the lens system was replaced by an elhptical mirror of 1 foot m diameter 
This focussed the hght of a 1000 watt projector bulb directly on the vessel without any 
lenses and gave a manmum mtensity of about 80 000 lux,) 

Practically all experiments were done with cutbngs of hj-drangea leaves. Other 
leaves when tested gave the same t)fpe of results. Attempts to use spread over 
the Burtace of moist filter paper were abandoned since the aigoe dned out too quickly 
under the influence of the strong hght needed for our expeximenU. 

BxpenmenU with color filter* showed that itrong photoxidation is obtained with 
red or blue wavelengths thus indicatmg that it i* the chlorophyll which 
this reaction as these axe the wavelengths wherein chlorophyll absorbs most ttroogiy 

Figure 2 a gives typical curves for manwneter readings with puie o^gen m the 
dark and the light. The pressure decrease m the curves with the slopes X — 7 and 
X • 8,5 is produced by respiration, wUlc the much steeper sbpc X — 16J Is due to 
the combmed effect* of respuration and photoxidation. The sbpe is furthermore 
influenced by the fact that when illuininateri a part of the respiration COj can be 
photosynthesiaed before it escapes oat of the leaf and into the KOH solution Fur 
ther the leaf becomes wann by lUummatiQn m spite of the drcuUtion of the gas atinos~ 
phere m the thermostated vesscL This heating produces a nsc m pressure which will 
be reversed the moment the light U tamed off ^ CJenenlly the pressure rise due to 
heatmg of the leaf at the beginning of an lUummation is several millimeters of water 
greater tbfm the pressure fall due to coolmg at the end of an Ulummatioa period. An 
effort was made to determine whether this pressure difference could be used as a 
measure of the concentration of intermediate products of photosynthesis left over m 
the leaf from previous Ulununation penods m the presence of CO*. These inter 

^ It was not possible to calculate from the pressure changes above the change in 
temperature of the leaf which occur* when tho hght is turned on This temperature 
change was therefore measured with a thermocouple, but because of experimental 
fiiffiriip ii-^ these measurements were made only with non rotating lea\’es. The tem 
perature rise was 1 at the intensity most frequentl> used m our experiments and 
required about 5 The temperature dropped at an equal rate when the light 

was agam extinguished. Of course hi a rotating leaf, the temperature change would 
not be as great nor would so long a time be required for the new steady state to be 
attained. 
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mediates would then be further reduced m produang oxygen under the mfluence of the 
illumination untd their supply is exhausted Since the observed pressure differences 
were only of the order of 1-4 mm , scarcely greater than the experimental error, we 
cannot be certain that the pressure changes observed were due to this effect Cer- 
tainly, It has no mfluence on the calculation of the rate of photoxidation, smce for 
that purpose we have used only the slope of the curves after they had become hnear 
Usually, photoxidation is followed by a period of enhanced respiration This penod 
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Fig 2 Measurements of oxygen consumption m the hght and dark in an at- 
mosphere of oxygen as compared with measurements in nitrogen contammg 1 5 
per cent oxygen 

IS not to be confused with the tune necessary to reach thermal equihbnum It takes 
but 2-3 mmutes to balance the thermal effects whereas the enhanced respiration may 
last 10-30 mmutes and even longer under certam conditions The explanation of this 
was bnefly mentioned m the mtroduction and will be discussed further below Fi- 
nally, one must take mto account the fact that the pressure measurements are influ- 
enced by photosynthesis Indeed, this effect is larger than we expected it to be under 
the conditions of our expenment The photochemical reduction of CO 2 formed by 
respiration was measured m an atmosphere of nitrogen contammg just enough oxygen 
so that the rate of respiration is not limited by the O 2 tension In the case of hy- 
drangea leaves about 2 per cent oxygen is enough as may be seen from Fig 3, wherein 
the rate of respiration is plotted as the function of oxygen pressure 
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F]g 2h gives a set oS curves as measured m Ns + per cent o! Oj in the 
dark and in the light. It ahovra that the photoxidalion is negligible under 
these conditions while photosynthesis compensates for a part of the respiration 
From the foregoing, it appears that amce the rate of photondation m oxygen 
13 calculated fmm three mdependent rate measurements, the final accuracy of 
the result is tmalL The precision is further reduced by the fact that the rate of 
photondation is not constant but decreases with time The velocity of the 
decay depends upon the previous life history of the leaf, the light intensity, and 
the oxygen concentration A leaf which has been well fed by photosynthesis 
or whose sugar supply has been ennehed by immersmg its stem mto glucose 
solution shows a somewhat stronger photoxidalion which also remains constant 
for a longer penod (In measurmg the degree to which photoxidation of a 
given leaf depends upon external factors such as light mtensity or oxygen 



Fig 3 Dependence of the respiratioa rate on the partial pressure of oxygen 

concentration, one must be careful not to use too long irradiation periods. One 
can msure the absence of this error m the curve* obtained by measuring the 
various pomts on the curve m a random order ) 

The curve showing the rate of photoxidation as a function of oxygen con 
ccntration is of the same type in ail leaves and is mdependent of their previous 
treatment. Fig 4 presents an example 
The ordinate represents the rate of oiiygcn consumption by pbotondation 
corrected for respiration and pbotosynthesia, the abscissa is the percentage of 
otygen contamed m the atmosphere which was at normal pressure For the 
reasons mentioned above, the accuracy is not great, but it is suffiaent to 
determine the shape of the curve. The rate nses rapidly at first with the 
oxygen concentration Later, the slope becomes smaller and finally one 
reaches Oi saturation the rate becomes mdependent of further mcrease m the 
oxygen concentraUorL. The saturation pomt u leacl^ when about 60 per 
cent of the gaseous atmosphere is O*. 

Curves m which the rate of 0* uptake is plotted against the hght intensity 
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reveal the fact that the rate rises less than linearly with the hght mtensity at 
least at high mtensities It was impossible for us to measure the shape of the 
curve accurately enough to determme whether the rate is proportional to the 
square root of the mtensity (At high mtensities the rate of photoxidation 
declmes too rapidly with tune for precise measurement ) To estabhsh beyond 
doubt that the deviation from hneanty is not merely a deception the foUowmg 
procedure was chosen The rate was measured m bnght, mtermittent hght 
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PERCENT OF OXYGEN 

Fig 4 Relative rate of different photoxidation processes plotted versus Oa pressure 
Cudes, our data for photoxidation m hydrangea leaves, crosses, Warburg’s data for 
the decrease m rate of photosynthesis with O 2 pressure, stars, Gaffron’s data for the 
photoxidation of serum sensitized by adsorbed porphyrin 

and then immediately afterwards m contmuous hght of the same average m- 
tensity Smce the average lUummation is the same m both cases there is no 
change m the temperature of the leaves and therefore no transient effect on the 
manometer readmgs such as would accompany a large mcrease or decrease m 
steady illummation Any break m the pressure versus time plot must be at- 
tnbuted to a change m the rate of photoxidation It is obvious that a change 
will occur only if the rate vanes m a non-lmear manner with the hght mtensity ^ 

- We furnished our bnghtest hght with a large shutter pivoted on a beanng so that 
It could be lifted out of the hght beam penodically and then dropped back The 
shaker mechanism of the Warburg tank drove the shutter by a cham fixed with a stop 
so that the dark time was about 4 times the hght penod The maximum mtensity 
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Table I shows some observations which mdicate that the yield becomes lower 
at high intensities. 

No particular effort was made to get exact data for the quantum yield of the 
photoxidation m leaves, smcc the effect varied so much with the conditions 
But a comparison of the rates of photoxidation with the rates of photosynthesis 
which 13 obtained m these leaves moLes it possible to estimate the order of 
magnitude of the quantum yield. Under favorable conditions it turns out to 
be ^1/100 m an atmosphere of pure o^gen 

Experiments m which leaves were allowed to take up substantial amounts of 
sugar by soaLmg the stem or the whole leaf m sugar solution, did not show 
much mcrease m photoxidation However, if the corrections for respiration 
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and photosynthesis were apphed, the decay of photoxidation with tune does 
appear to be slowed down 

A sugar fed leaf irradiated m oxygen free from carbon dioxide shows a re- 
markable increase m its respiration, as may be seen by Tabic IL 

In the case shown here, the respiration rose more than 100 per cent. The 
enhancement of the respiration lasts for hours provided the photoxidation 
penod was long enough and the light during that period strong enough Ob- 
viously the conclusion seems to be that imder the mfluence of photoxidation, 
heiose is chemically changed into products which are more easily oxidued by 
the normal respiratory catalysts or arc themselves autondlzable. It is known 


was 12.8 the average mtenaity The Hashes came at the rate of 66 per minute. 
Now the average Intensity of the alternate bght and dark periods was measured b> 
the increase in pressure (84 7 mm.) la the manometer vessel when a black paper was 
substituted for the leaf It was found that screens transmitting 7.8 per cent of the 
continuous bght marfe the intensity of the continuous light very nearly the same (85.6 
mm.) as that of the mtegtnted flashing U^t. 
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that in chemical oxidation processes hexose shows such behavior, but it is un- 
certam whether it is justifiable to compare such auto-oxidations vitro with the 
respiration processes m the leaf 

Prolonged photoxidation damages the photosynthetic apparatus and finally 
kills the leaf, whereas with a short exposure to hght and oxygen, m the ab- 
sence of CO2, the damage is reversible This fact (which is m agreement with 
results of Myers and Burr (3) to be discussed later) was revealed m the following 


TABLE n 


Oxygen uptake in 

10 minutes Respiration 

mm Biodie solution 


Before exposure m. pure Oa 


Photoxidation 

(corrected) 


12 1 


1st photondahon penod last- 
ing 25 min. 8 4 


After 1st photoxidation 
penod 14 5 

Returning after 2 hrs in the 
dark to 12 7 


2nd photoxidation penod last- 
ing 25 mm 8 6 


After 2nd photoxidation 
penod 22 5 

Constant over a penod of 90 
min. 22 5 


3rd photoxidation penod last- 
mg 25 mm. 10 0 


After 3rd penod 24 0 

(Measured 30 mm ) 


way leaves were exposed to hght m the presence of 1 per cent COj and the 
photosynthetic rate was measured Then they were subjected to photoxida- 
tion for a short time by exposure m COr-free oxygen (generally about 20 
rmnutes) and afterwards photosynthesis was agam measured The photo- 
synthetic activity recovered slowly The tune necessary for the recovery 
depends on the lUummation, mtensities just great enough to produce saturation 
of photosynthesis give much quicker recovenes than the smaller ones 

Pig 5 gives an example of such measurements Before the treatment the 
mduction loss is unobservably small (upper curves), after treatment (lower 
curves) the mduction penod lasts about 15 mmutes but the rate comes back 
to its old value Recovery of photosynthesis m the region where the damage 
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IS reversible can be accomplished not only by photosynthetic activity but also 
by subjecting the leaf to long dark periods. In some cases where photondabon 
^7as followed by a long dark penod we observed that on rcfllumination, photo^ 
synthesis was resumed with an reduction loss no greater than the usual one re 
normal untreated leaves 
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Fio 5 Photosyntheau measured m the presence of sufficient CO* both before (5 o) 
and after (5 b) a photoxidatum period. 

A series of experiments was made to find out whether photondation in 
leaves depends on the action of heat-labile enzymes For that purpose leaves 
were killed by submerging them for 20 seconds to 5 minutes in boiling water 
The results show that photoxidation takes place re dead leaves just as well as in 
hve ones, (Compare Fig 6a and 6 ) Also, the dependence of the rate of 
photoxidation upon hght mtenaty is unaltered within the accuracy of the ex- 
periments. The rate of photoxidabon in the boiled leaves seems a httlc 
sipflllffr than in the fresh ones. 

Finally, some e:q)enmcnt3 done m this laboratory* may bo mentioned which 

* The experiments were earned out by T Puck and C, S, French. 
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that m chemical oxidation processes hexose shows such behavior, but it is un- 
certam whether it is justifiable to compare such auto-oxidations \n vitro with the 
respiration processes m the leaf 

Prolonged photoxidation damages the photosynthetic apparatus and finally 
kiUs the leaf, whereas with a short exposure to hght and oxygen, m the ab- 
sence of CO 2 , the damage is reversible This fact (which is m agreement with 
results of Myers and Burr (3) to be discussed later) was revealed m the foUowmg 


TABLE n 


Oiygen uptake in 
10 minutes 
mm Brodie solution 


Respiration 


Photoxidation 

(corrected) 


Before exposure m pure 0* 12 1 


After 1st photoxidation 
period 14 5 

Returning after 2 hrs m the 
dark to 12 7 


After 2nd photoxidation 
penod 22 5 

Constant over a period of 90 
TTiin 22 5 


1st photoxidation penod last- 
ing 25 min 8 4 


2nd photoxidation period last- 
ing 25 nun 8 6 


3rd photoxidation penod last- 
ing 25 min 10 0 


After 3rd penod 
(Measured 30 mm ) 


24 0 


way leaves were exposed to hght m the presence of 1 per cent CO 2 and the 
photosynthetic rate was measured Then they were subjected to photoxida- 
tion for a short tune by exposure m COrfree oxygen (generally about 20 
Tmnnt.es) and afterwards photosynthesis was agam measured The photo- 
synthetic activity recovered slowly The tune necessary for the recovery 
depends on the illummation, mtensities just great enough to produce saturation 
of photosynthesis give much quicker recoveries than the smaller ones 

Fig 5 gives an example of such measurements Before the treatment the 
mduction loss is unobservably small (upper curves), after treatment (lower 
curves) the mduction penod lasts about 15 mmutes but the rate comes back 
to Its old value Recovery of photosynthesis m the region where the damage 
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13 reversible can be accomplisbcd not only by photosynthctic activity but also 
by Bub^ecUng the leaf to long dark penods In some cases ■where photondabon 
was followed by a long dark penod "we observed that on reillumination, photo- 
synthesis was resumed with an mduction loss no greater than the usual one m 
normal untreated leaves 
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minutes 

Fio 5 Photo^thesa meaBurcd in the presence of sufBnent CO» both before (5 a) 
and after (5 d) a photoxidation penod. 

A of experiments was made to find out whether photoxidation m 
leaves depends on the action of heat labile enzymes For that puiiKae leaves 
were billpd by submergmg thwm for 20 seconds to 5 mmutes in boiling water 
The results show that photoxidation takes place in dead leaves just as well as m 
hve ones. (Compare Fig 6o and d ) Also, the dependence of the rate of 
photoxidation upon hght intensity is unaltered within the accuracy of the ei 
penments. The rate of photoxidation m the boiled leaves seems a httlc 
smaller than in the fresh onca. 

Finally, some expenmenta done in this laboratory* may be mentioned which 

* The experiments were earned out by T Puck and C S. Fr e nch. 
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Fig 6 Measurements of oxygen consumption m a boiled leaf m the hght and dark 
m an atmosphere of oxygen (6 a) as compared with similar measurements m mtrogen 
contaimng 1 5 per cent oxygen (6 E) 
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show that plant juices containing whole chloroplasta or only their macerated 
contents (mostly confliatmg of chlorophyll adsorbed on its native protem) show 
photondation The rate of oxygen consumption is smalW than m leaves, but 
can be made even stronger than m leaves by addition of easily oxidizablc sub- 
stances like ascorbic aad Ascorbic aad is also m the dark but at a 

much lower rate, so the rate of photondation can be calculated from the en 
hancement of the oxygen uptake durmg the illumination period The ex- 
periments are m accordance with the observations made by French (4) m water 
extracts of purple bacteria, 

Comporuon of the Results with Older Observations 

It has been known for a long time as mentioned m the mtroduction that 
photondatwn processes occur m plants Noack (5) showed already m 1923 
that substances whose oxidation products can be recognized by their color can 
be photo-ondized m plants mto which they are artificially mtioduced. The 
same author stated that 0] absorption is umreased in leaves illuminated for 
84 hours in absence of CX )5 Van der Paauw whose method of observation is 
comparable to ours undoubtedly observed photoxidation as wefl as its en 
hanemg influence on respiration m the dark directly following an illumination 
penod Van der Paauw himself comes to the conclusion that m his observation 
the nonnal tissue respiration is mhanffd by "plasmogeneous influences,’’ We 
think that his point of view is not tenable for the foEowing reasons as was 
discussed above, the Os uptake depends on the partial pressure of oxygen m a 
mfluner entirely different from that of lespuratiorL Furthermore, killed leaves 
which do not respire and plant juices show a comparable Os uptake m the 
light- The same remarks apply to the conclusion which Shn Ranjan (6) 
draws from surular observations. Likewise, the papers of Ffikler (7) and Ffik- 
ler and Montfort (8) are not convincmg m their conclusions based on analogous 
observations. In respect to these papers we agree with Gaffron’s (9) entiosm. 

The work of Mevius (10) is related to photoxidation m plants exposed to 
light m a COrfree atmosphere. This author studied the behavior of leaves of 
higher plants s till connected with the intact plant A part of the plant was 
exposed to hght m a COr^ree atmosphere while other parts of the plants were 
UTadiatcd m normal air and were therefore able to photosynthesize Mevius 
found that leaves could stand long exposures to hght in the COrfree atmosphere 
without observable damage provided that the photosjmlhesizmg leaves supply 
enough food for the exposed leaves. If that flow of noimshment stopped or 
became too small, starch and sugar were consumed and the leaves turned 
yellow with the dcstructxon of proteins. 

All other conclusions on the occurrence of photoxidation are based on ob- 
servations of the rate of photo^nthesis The most important contributions of 
this type are those of Warburg (1) and of Myers and Burr (3) Warburg’s 
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first observations of the influence of oxygen concentration on the rate of photo- 
synthesis yielded the result, which has often been confirmed smce, that even m 
the presence of sufl&cient CO2 the rate of photos)mthesis at hght saturation 
depends strongly on the oxygen concentration Under some conditions the 
rate may be reduced to 60 per cent if an atmosphere of N2 (contaimng enough 
oxygen to saturate respiration) is replaced by an atmosphere of pure oxygen 
Sometimes, on the other hand, the retardmg influence of oxygen is quite small 
It IS known that the difference m behavior depends on mtemal factors such as 
food concentration and respiration At low mtensities neither Warburg nor 
others (compare McAlister and Myers (11), Myers and Burr) found any influ- 
ence of the oxygen concentration on the rate of photosynthesis 
An exception is found m the results of Katz and Wassink and coworkers 
(12), who observed that at low mtensities as weU. as at high ones, a drmmishmg 
of photosynthesis occurs with mcrease m the oxygen concentration 

Most authors do not relate these strong mfluences of oxygen concentration on 
the rate of photosynthesis to photoxidation, but a companson of Warburg’s 
results with ours unmistakably reveals an mtunate connection between these 
effects The most direct proof is that the vanation of the photosynthesis rate 
with oxygen pressure follows the same sort of curve as does our photoxidation 
data Moreover, this curve is similar to the one Gaffron (13) observed m 1926 
for the photoxidation processes occurrmg m an aqueous solution m which 
porphyrms or chlorophyll were adsorbed at the surface of the proteins In 
Fig 4 are recorded Gaffron’s observation (marked with stars) together with 
those of Warburg (marked with crosses), and our own The fact that the sig- 
nificant vanations occur m the same range of oxygen pressures for all three sets 
of observations is a strong mdication that the phenomena are related We see 
a further connection m the fact that after a long irradiation the difference 
between the rates of photos3mthesis m N2 and O2 respectively is greatly re- 
duced, just as photoxidation m leaves goes down with the irradiation tune 
A great quantitative difference exists, however, between the results of the 
direct and the mdirect methods of photoxidation measurement The di- 
mmishmg of the rate of photosynthesis by oxygen is usually 10 to 20 times 
greater than the rate of photoxidation itself, one must therefore assume that 
the direct uptake of oxygen by photoxidation is small compared to the mdirect 
influence on photosynthesis That is just the same conclusion to which 
Myers and Burr (3) were guided by their observations of the influence which 
extremely high hght intensities have on the photosynthetic rate m Chlorella 
These authors did not vary the oxygen concentration but irradiated the algae 
m the presence of an contammg CO2 and m some cases, cyanide as well They 
observed normal saturation curves fomung a flat plateau, but when the hght 
mtensity surpassed a critical value the rate started to decrease and contmued to 
do so with further mcrease of hght mtensity At the very highest values of the 
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light intenaity the oxygen production ceases entirely and is replaced b> an 
oxygen consumption which la greater than the normal respiration The 
cntical intensity at which the influence of the photondation becomes dis- 
cernible depends upon conditions inside of the plants (concentration of COi, 
food, presence or absence of cyanide, etc.) Franck and Gafiron (14) have 
already pomted out that the critical mtcnsity apparentl) comades with the 
intensity region at which the photo^rnthctic apparatus begins to become de- 
pleted of COj and hence of mtennediates of photosynthesis (See the theory of 
Franck and Hcrzfeld (15) and fluorescence experiments of Franck, French, and 
Puck (16) ) A catalyst (called catalyst A) responsible for the formation of the 
compound COt-acceptor molecule becomes unable to replace this substrate 
rapidly enough at that mtensity Further, the greater the amount by which 
the hght mtcnsity surpasses the saturation mtensity, the more rapidly is this 
substrate destroyed by dissoaaUon pro«ssea. Each shift of the region m 
which depletion of this substrate occurs (for instance, by addition of cyanide) 
produces a correspondmg shift of the cntical region m M>ers and Burr's 
experiments It is obvious that by a depletion of the photosynthctic apparatus 
of mtennediates the bulk of the chlorophyll becomes available as a sensitizer of 
photoxidative processes and so produces a ahaip nsc m the yield of photonda 
Don Myers and Burr (3) reject the idea that the consumption of Oi by 
photoxidation at the highest m tensities would overcompensate photosynthesis 
They rather nanime that photoxidation produces on inhibitor of photosynthesis 
The tnain reason for this hypothesis is the fact that the photosynthctic activity 
IS foimd to be reduced or entirely stopped after a pbotondabon period when 
tested with hght intensities so low that photoxidation no longer plays a r61e 
The rate of photosynthesis recovers if the photoxidation period was not too 
strong and too long These results of the indirect method agree entirely with 
ours measured directly By too mtensive irradiation the plant will be killed 
and bleached 

It does not seem necessary to enter mto a discussion of further aiinilar papers 
smcc they are mostly m accordance with the facts already discussed (For 
references, compare for instance, Myers and Burr (3), and Franck and Goff 
ran (14) ) 


theobehcal DiscnssioN 

The experimental data discussed above prove beyond doubt that photoxida 
hon processes occur m plants even under normal conditions It is a photo- 
chemical process taking place together with photosynthesis, but with a much 
smaller yield Normally, it does not attack vital parts of the kvmg plants but 
food or mtermediate products of the plant metabolism As long as the photo- 
synthetic apparatus is connected with mtermcdiatcs of photosynthesis, the 
photoxidation is small but it nevertheless reduces the rate of photosynthesis 
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Strongly though indirectly If by carbon dioxide limitation or some denuda- 
tion process the concentration of the photosynthetic mtermediates becomes 
small, photoxidation wdl become dangerous smce vital parts of the plant will 
now be attacked The plant can be destroyed by photoxidation, a phenomenon 
described by botanists as solarization of plants 

The photoxidation processes m plants take place without enz 3 Tnatic dark 
reactions (see the experiments with boded leaves) but probably consist rather 
of a photochemical process sensitized by the plant pigment, chlorophyll The 
characteristics of this process are just the same as the ones observed m photoxi- 
dation processes vitro sensitized by chlorophyll or porphyrms adsorbed by 
protems m aqueous solution 

Two questions deserve a fuller discussion, the first concerns the process by 
which photoxidation acts as an inhibitor of photosynthesis and the second deals 
with the general chemical kmetics of photoxidation processes mduced by 
chlorophyll adsorbed on pro tern surfaces 

According to Franck, French, and Puck) 16), one must assume that dunng 
the mduction period of photosjmthesis an excess of photo-peroxides can oxidize 
certam metabohtes and that the resultmg products m turn are capable of m- 
hibitmg photosynthesis by poisonmg the catalyst responsible for photosynthesis 
saturation (called catalyst B) To explam the inhibition by photoxidation one 
need only make the hypothesis that this process results m the formation of the 
same or a similar mhibitor It offers a natural explanation for the fact that the 
limitmg influence of a high oxygen concentration vanishes at low light m- 
tensities At these low mtensities a great part of catalyst B can be mactivated 
by the mhibitor without influencmg the rate of photosynthesis 

The dependence of the magnitude of the oxygen mfluence on mternal factors 
can be understood by the fact that the concentration of the metabohc product 
(which IS attacked by photoxidation) vanes considerably m leaves The 
reversal of the inhibition can occur m the dark smce the mhibiting oxidation 
product IS consumed by respiration 

We now mquire as to why the recovery time of photosynthesis is much longer 
(several hours) than the Iifetune of the inhibitor (about 1 second, see Franck, 
French, and Puck) The abnormally long induction penods of photosynthesis 
and the still longer dark recovery penods required after photoxidation have to 
be explamed m a different manner We believe that they both are caused by 
the denudation of the photosynthetic apparatus of mtermediates A normal 
rate of photosynthesis is only possible if the supply of mtermediates is not too 
small and if the different intermediates all have the same concentration If 
mtermediates are lackmg at the beginning of an irradiation penod in the 
presence of carbon dioxide, it takes some time to build up equJibnum concen- 
trations by photosynthetic activity Until that is accomphshed, the photo- 
synthetic rate is subnormal The tune observed for the duration of the m- 
duction penods (at different hght mtensities) after an exposure m a carbon 
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dioxide free atmosphere is of the expected order of magmtude According to 
Franck and Herzfeld (15) the mtermediates caJi also be very slowly rcstor^ m 
the dark by a reversal of photosynthesia (not identical with normal tissue 
respiration) We behevc that this process is responsible for the recovery m the 
dark 

We will now discuss the chemical kinetics of photondaUon sensitized by 
chlorophyll adsorbed on protem m an aqueous solution The fact that the re- 
action becomes oxygen-saturated at an oxygen concentration which is many 
thousand times greater than the one which saturates photondation processes 
sensitized by chlorophyll m orgamc solutions is of special mterest This means 
that m the aqueous solutions oxygen has to react with a very unstable molecule 
One can calculate from the oxygen concentration at the satumtion pressure 
that the lifetime is equal to or somewhat greater than to 10^ seconds 
The obvious explanation that the molecule m the unstable state is the chloro- 
phyll molecule exated by hght absorption must be rejected for two reasons. 
In the first place the lifetime of the exated chlorophyll molecule (compare 
Franck and Herzfeld (17)) m the leaves is still 10 to 100 times smaller than the 
above value and secondly, the fluorescence of the chlorophyll m leaves is not, or 
at least is practically not, quenched by an atmosphere of oxygen To explam 
the behavior of the chlorophyll fluorescence m relation to photoxidation proc 
esses m orgamc solutions, Franck, and Livingston (18) bad to mtioduce the 
hypothesis that chlorophyll can be transformed by light absorption processes 
into an unstable tautomenc configuration with a lifetime much longer than 
ICH seconds But accordmg to Livingston’s (19) observations this lifetime vyill 
be shortened by impacts with mafecuies of many organic substances which cata 
lyze back reactions leadmg to the stable modification of chlorophyll In the 
present case the chlorophyll is in permanent contact with the protein, a fact 
which easily can account for the reduction of this lifetime to the desired value. 
We, therefore, propose that impacts between the chlorophyll tautomer and 
oxygen are also responsible for the photoxidatioD By the reaction of the un 
stable tautomer with oxygen, monodchydrochlorophyll and HOi are formed 
(as m orgamc solutions — con^wre Weiss (20) and Franck andLivmgston (18)) 
The radical HOj is able to oxidize organic matter but its oxidation reactions 
have to compete with back reactions m which the stable modification of 
chlorophyll and molecular oxygen are restored In very dilute, true solutions 
the chance for back reactions is smnll but smcc m our case the chlorophyll is 
adsorbed m a high concentration on compheated mtcifaccs of a protem, the 
back reactions become very significant. The HOj especially at higher light 
mtensities has ample opportumty to collide with monodchydrochlorophyll be- 
fore it can attack the substrate to be oxidized Calculations yield the result 
that under the conditions mentioned the quantum yield must be small for 
small concentrations of the oxidl table substrate and that the oxygen consump- 
tion will nsc with the square root of the light intensity The first result is m 
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accordance with our observations and the last one is at least not m contradic- 
tion to the results here presented, withm the hmits of error of the expenments 

SUMMARY 

1 Photoxidation in leaves is measured by exposmg them to hght m an at- 
mosphere free from carbon dioxide but contammg varied percentages of oxygen 

2 Photoxidation is observed m hvmg leaves as well as m dead ones and m 
plant juices Its rate is only shghtly enhanced by feedmg the leaves with 
sugar, but the respuration (autoxidation) becomes considerably enlarged dunng 
the exposure and the followmg dark penod 

3 The rate of photoxidation rises slower than hnearly with hght mtensity, 
its dependence upon oxygen pressure has the character of a saturation curve 
Oxygen saturation occurs at about 6/10 of an atmosphere of oxygen A 
similar dependence on oxygen pressure has been observed by Gaffron for 
photoxidation \ti mtro sensitized by chlorophyll adsorbed on protems and by 
Warburg for the depression of the saturation rate of photosynthesis 

4 The influence of photoxidation on photosynthesis and the chemical 
kmetics of photoxidation are discussed 
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THE MAGNETIC BEHAVIOR OF CATALASE 
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(Fnwn the Ldborclonct oj The RocktfeScr Intitiuis for Medtccl RiKorch) 

(Received for publication, June 25, 1941) 

Pauling and Coryell’s (1) measurements of tlie magnetic properties of bemo- 
^obm and several of its derivatives have revealed that observations along these 
lines are capable of contributing a great deal to the eluadation of the chemical 
structure of such compounds- Hemoglobin has turned out to be one of the 
strongest paramagnetic substances whereas oiyhemoglobm is not paramagnetic 
at all, mdicating a profound change in the nature of the chemical bonds between 
iron and the attached groups as a result of the combination with molecular 
oiygen Such a surpnsmg result suggests extending this study to other heavy 
metal complexes of biological mterest It is the task of this paper to extend 
such measurementB to catalase. Here, the task is very much more difficult 
t ha n for hemoglobin In addition to the difficulty of obtainmg enough ma 
tenal, there is the nsk of denaturation on thorough drying It is not advisable 
to mvestigate the dned crystals of catalase. It is not feasible, either, to at 
tempt measurements m solution since the solubility is too small vnthm the 
permissible pH range So one has to resort to mvestigatmg suspensions of the 
wet crystals Fortunately, such a suspension m a suitable phosphate bufier 
IS stable enough and Bedimentation is ncgbgible. However, a further difficulty 
remaina namely that catalase has nearly four times the molecular weight of 
hemoglobin- Its iron content is 0 1 per cent approximately , about one 
quarter that of hemoglobin. So it is impossible to obtam solutions or even 
suspensions comparable in iron content per cubic centimeter with that of 
readily obtainable concentrations of hcmpglobm solutions, 

Supposmg the susceptibility per gram atom Fc to be the same as m hemo- 
globm (m rcahty it is even smaller), a solution or suspension of catalase would 
produce only one quarter of the pull m a magnetic field of that of a hemoglobm 
solution of equal concentration. For this reason the ^paratus used by Pauling 
and Coryell is scarcely sensitive enough- Recently a modification of the 
method has been developed m this laboratory which was originally used for the 
assay of free semiqumone radicals m solution It is adequate also for the pres- 
ent task. This method is like that of Paulmg and Coryell, essentially Cony’s 
method converted mto a differential method in order to obtam higher scnsitiv 
ity Some technical details have been published recently and since the method 
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IS being still further refined, it may sufiSce to describe its prmciples roughly, 
postponing the ultimate details until some later time 
The solution to be measured is fiUed mto the upper compartment of a cy- 
lindrical double vessel (Fig 1), the lower compartment of which contams either 
water or some solution of suitable susceptibility which is never changed durmg 
a series of measurements Only the contents of the upper compartment are 



Fig 1 


varied This vessel is suspended from one pan of a balance so that the dia- 
phragm of the vessel is located between the centers of the pole pieces of an 
electromagnet When the magnetizmg current is switched on, the pull of the 
magnetic field on the upper and the lower compartment of the vessel is m oppo- 
site directions, and only the diSerence of pull is measured This mcreases the 
sensitivity of the Gouy method very considerably This differential method 
was first used, at least for solutions, by Freed and Kasper (2) The pull is meas- 
ured m the foUowmg maimer The semi-rmcro, magnetically damped balance 
IS equipped with a scale at the pomter with 200 divisions, each correspondmg to 
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about 1/tOOth of a xoiUigram, which vs read through a microscope. What is 
observed is only the maximum deflection from the resting position brought 
about by abruptly switching on the current. Such readmgs are reproducile 
to ±2 lines of deflection, and a senes of ten readings gives a reliable average 
value. The current mtensity is adapted to gi\e a deflection of 20 to 120 
It was ascertamed that deflections within oU current mtensibes used, namely up 
to 10 amperes, are proportional to the square of the amperage. All readmgs 
are recalculated accordingly to 10 amperes 

The significance of each line of deflection, m terms of susceptibility, depends 
on the diameter of the vessel, the distance of the pole pieces, and the amperage, 
For each vessel, with given pole distance, the "vessel constant," the factor 
by which the number of lines of deflection must be multipUed to obtam sus- 
ceptibility m c.g,s umts is detennmed as follows. Keepmg the contents of 
the lower, compensating compartment constant, the pull is measured first with 
air in the upper compartment, then with water m it The difference corre- 
sponds to a change of susc^tibflity 0 74 X 10^, of which 0 2 X 1(1^ is that 
of air and —0 72 X that of water Now, 0 74 X ICT* divided by the dif 
ference of the numbers of bnea of deflection, each recalculated for 10 amperes, 
for air and for water, is the vessel constant. 

In an actual experiment, the upper compartment is flUed with the solubon, 
then with the buffer or solvent of the same composibon, but not containing the 
dissolved (or suspended) substance to be mvesbgated The difference be- 
tween the two values, expressed m lines of deflection multiplied by the vessel 
constant, yields directly the mcrement of suscq>tibibty due to the substance 
bong measured. Small corrections may be necessary, however thty are quite 
irrelevant for the present purpose and may be omitted from this outime of the 
method The increment m susceptibihty divided by the grams of the specific 
substance m 1 cc gives the susceptibility per gram of the substance. Multi- 
plying this figure by 56 gives x* the susceptibility of 1 g atom of iron, m the form 
of catalase. Herefrom the magnetic moment per gram atom of iron, is 
obtained by the equation 

H — 2.84 Bohr mjjjnttxm* 

where T is the absolute temperature at which the measurement has been 
made 

To check the method the magnetic moment of KaFe(CN)i was determined 
m a 1/250 ii solution another m a 1/30 u solution, with the results 2 44 resp 
2,25 Bohr magnetons usmg 1 7 cc. of tlw solution to fill the vessel. The first 
of these measurements is based on on amount of about 1 7 mg of the substance, 
gtv mg a differential deflection compared with pure water of about 25 line* The 
acknowledged value is 2.33 m.Tgnf>tni« the agreement a aatafactory m qiite 
of the mmute amount of substance used. In one single experiment with a so- 
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lutlou of crystallized guinea pig ferro-hemoglobm in solution we found /: = 5 25 
per g-atom of hemoglobin-iron, as compared with 5 46 according to Coryell and 
Pauling 

The experiments with crystallized catalase were performed with a preparation 
made from beef hver accordmg to the method of Sumner and Bounce (3), re- 
crystalhzed once The thm flat platelets were suspended m a mixture of equal 
volumes of Sorensen’s phosphate buffer pH 7 4, and water This buffer was 
suitable for keepmg the crystals m suspension without any appreciable sedi- 
mentation occurrmg The iron content of the dry catalase was 0 0918 per cent 
The iron content of the final suspension per cc was 0 0586 , 0 0568 , 0 0593, 
0 0604, 0 0606, 0 0595, the average 0 0596 mg This analysis was made colori- 
metrically with the o-phenanthrohne complex (Hummel and Willard (4)) on 
samples contanung 0 03 to 0 1 mg Fe The samples of the catalase suspension 
were digested with 1 cc concentrated H2SO4 and 0 3 to 0 5 cc HNO3 and two 
drops of 70 per cent perchloric acid m a 100 cc Kjeldahl flask Blanks were 
determmed correspondmgly The followmg remarks may be helpful Pro- 
longed heatmg after SO3 fumes start to come off should be avoided to prevent 
as much as possible the formation of p3u:ophosphate and anhydrous feme sul- 
fate After the digestion is complete, 10-20 cc of water are added and the 
solution kept boflmg slowly for an hour to decompose any pyrophosphate which 
would senously mterfere with the later development of the color Even after 
this treatment, the full development of the color with phenanthrolme takes 
some time If the solution, before addmg phenanthrolme, is allowed to stand 
for 24 hours, the full color will be developed m several rmnutes The final re- 
sult, whether attamed the one way or the other, is the same The mterference 
of p5rrophosphate is serious if not well taken care of, but can be entirely over- 
come once the source of error is recognized 

The suspension, kept on ice, was used for several magnetic measurements 
over several days The differential pull under the most favorable conditions, 
at 10 amperes, is about 3^ to 3^ of a miihgram This ought to be suffiaent to 
yield fairly reproducible results In fact, there is a rather large standard de- 
viation of the results The authors attribute this fact mainly to warm and 
huimd air conditions which are not favorable for precise weighmg A repeti- 
tion, with a further refinement of the method, is plarmed for the near future 
The present results are shown m Table I 

The result is the magnetic mcrement per cc of the suspension, due to the 
presence of 0 0596 mg of Fe, is (-fO 094 =b 0 017) X 10“^ Hence, the suscepti- 
bihty per g-atom Fe is 8830 X 10”^ Herefrom the magnetic moment results 
as follows 


=2 S4V8830 X 10-’ X (273 + 27) 
= 4 64 Bohr magnetons ± 03 
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The accuracy of the figure can certainly be unproved by further refinements of 
the method, but even so, the result Lends itself to a fair comparison with hemo- 
globin compounds as obtamed by Pauling and Coryell, of which we mention 
only 


Ferro-hemo^obm Bohr rrnfflietoni per Fo atom 5 46 

0:0^ hemoglobin 0 0 

Fenl-heino^obin 5 g 

Ferri-bemoglobm hyiliaxido (alk&Une methemoglobm) 4 47 


TABLE I 

Varioui cj^Undrkal, dotible veaseli vrere osed of 6 to 8 mm. onter dkmeter and 10 to 13 
am length of each compartment. The cohunn 'Vesel cooatant*' them the change of vohune 
toaceptibllity corresponding to a change of one Cne of dlEciential dcflectiop according to the 
caUbranons for the particular veaseL All meafuiementa were made at a room temperatnra 
of 26 to 27*C The cotomn **Bufler* gives the deflections in lines, when a pboaphate buffer 
of the tame composition vrlthout catalase was measured. The colmnn Indicates the 
of vohune tutceptihillty of the catohise tuspcnsion over that of tha cotrespondiDg 
bufier This u always a positive number showing that catalase is paramagnetic. No 
corrections for any change in diamagnetic e€ect are apphed. They are not worthy of coo- 
dderattoD at the present state of refinement of the method. 
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0 069 

8 

+25 

+45 8 

+20 6 

3 18 

0 066 

9 

-18 

+18 

+36 

2 55 

0 0915 

Average 

Probable error 




0 094 
:k0 017 


The magnetic moment of catalase is distinctly smaller than that of hemo- 
^obin and resembles most that of alkaline methemoglobm. 

It IS suggestive to mvcstigate vanous reaction products of catalase. At 
the present stage of the investigation we do not wish to give accurate figures 
yet, but can state that addition of NasSiOs does not change the susceptibility, 
which to be a corroboration of Keilin's statement that catalase is not re- 
duced by Na^tOi, and that NaCN, and also NaOH, dimmish the susceptibihty 
Smee we are working with a suspension, not a solution of the substance, we hesi- 
tate to mterpret these results for the tune bemg and refram from gtvmg 
figures. 
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CONCLUSION 

The magnetic moment of catalase is 4 6 0 3, nearly the same as that of 

feme hemoglobm hydroxide If the moment be due to electron spm alone 
without orbital contribution, 3 free electrons would give rise to 3 9 magnetons 
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THE VISUAL SYSTEM ANB VITAMINS A OV THE SEA LAMPREY 
B\ GEORGE WALD* 

{Prom Ike Biolo^tcal Laboratones of Harvard Vnivcrsily, CaminJ^e) 
(Received for publication, July 14, 1941) 

What IS knoNsn at present of the distribution of visual systems suggests 
that the rhodopsm vitamin Ai c>cle is the primitive vertebrate type The 
manne elasmobranchs, all monne telcosts except the Labndae, and all terres 
trial vertebrates so far examined possess this system alone (Wald, 193S~39) 
The eyes of squid and of crabs also contain exclusively components of this 
system (Wald, 1941) The porphyropsm vitamm Aa cycle seems to be a 
comp>arati\ely recent development, associated with the evolutionary raigm 
tion of teleoBt fishes into fresh water (Wald 1938-39, 1941-42) 

This appraisal of the situation can be tested cntically in the cydostomes, 
for it impbes that these animals though all freshwater in ongm, possess only 
the rhodopsm viUmm Ai system The cyclostomes — with the closely related 
myxmoids — are the most primitive living vertebrates, surviving members of 
the onaent class or subphjlum Agnatha, believed to have pursued an mde 
pendent evolution since earbest \ erlebrate origins. All of them are fresh water 
or anadromous but this property docs not distinguish them from the sup- 
posedly freshwater vertebrate ancestors (South, 1932 Romer and Grove, 1935) 

If it IS true that the porphyropsm vitaram Aj c> cle is a specifically teleost 
innovation the visual systems of cyclostomcs should contrast sharply with 
those of freshwater and anadromous bony fishes 

In the present expenments this matter is examined m the sea lamprey, 
Petromy^on mannas, on anadromous i^clostorae. The life history of this 
animal has been desenbed m detail by Gage (1927) It spawns m freshwater 
streams m the late Spring and dies shortly thereafter The so called am 
mocete larvae arc blmd and differ profoundly m structure from the adults 
They spend 4-5 years m the sand or mud bottoms of the parent stream feedmg 
upon microorgamsms At a final larval length of 5-7i inches they metamor 
phose to the adult form and usually migrate to the sea Here they appear 
to feed primarily upon the blood of fishes to which they attach by suction 
through their disc-shaped mouths. The manne phase lasts li-3j years and 
IS terminated by the return to fresh water to spawn Like anadromous tcleosts, 
sea lampreys can spend their entire We c)cle m fresh water uitliout detnraent 

This research Vkua supported in part b> a grant from the Joiiah Maev, Jr Founda 
Uon The spcctrophotomctnc wxirk was supported i>y the Milton Fund of Harvard 
UnivcrslD 
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The lampreys used in the present experiments were sexually mature animals, 
about 2 feet m length, taken from brackish tidal waters of the Exeter River m 
New Hampshire during the spawning run The tissues were dissected out 
on the river bank and transported in dry ice to the laboratory Through the 
kindness of Dr E J W Barrington I have been able also to examine the livers 
of late larvae of land-locked P mannus taken from streams about Lake Oneida 
in New York State 


Eye Tissues 

The retinas dissected from highly light adapted animals in broad daylight 
were completely colorless Under similar circumstances fish and amphibian 
retinas usually adhere firmly to the underlying pigment epithelium The 
lamprey retina, however, readily cames away entirely free of pigmented tissue 
This peculiarity is probably associated with the reported absence of pigment 
migration and photomechanical changes in P mannas (Walls, 1935) 

Batches of 40-60 retinas were extracted by shaking exhaustively with chloro- 
form The extract was saponified in 6 per cent KOH in methanol under a 
stream of nitrogen The non-sapomfiable fraction was taken up in benzine, 
transferred to 0 3 cc of chloroform, and tested by mixing with 3 2 cc of an- 
timony chloride reagent A spectrum of the resultant blue test solution is 
shown m Fig 1 ‘ 

Such spectra are dominated by the high band at 692-696 mu which char- 
actenzes vitamin Ao A broad inflection at 620-549 m/x includes tfe 645 
mpt “hump” which always accompanies the vitamin Aj band, and a low absorp- 
tion due to vitamin Ai The ratio of the vitamin Aa absorption at 696 m^ 
to that of vitamin Ai at 618 mu, computed as described elsewhere, is 89 11 
(cf Wald, 1938-39) 

The remaining tissues of the fundus, including the pigment epithelium, 
choroid and sclera, also contain a great predominance of vitamin Ao The 
antimony chloride reaction with an extract of these tissues, prepared exactly 
like that of the retinas, is shown m Fig 2 The ratio of vitamin Ao to Ai 
absorption in this preparation is 82 18 In another experiment it was 77 23 
The amount of vitamins A in these tissues is about twice that m the retina 

The lamprey retina contains, therefore, not the vitamin Ai expected by 
virtue of Its primitive and isolated phylogenetic position, but predominantly 
vitamin Ao like an anadromous teleost The force of this comparison was 
emphasized by a curious circumstance Our lampreys were accompanied 

' 411 spectra showTi in this paper arc onginal recordings drawn with Hardy’s 
photoelectnc spectrophotometer at the Massachusetts Institute of Technology 
The results are ex-pressed as per cent absorption, 1 — I/Io, m w'hich Ig is the incident 
and / the transmitted intensity Before thej can be used to compute relative con 
centrations they must be converted to extinction or optical density, log Iq/I 
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Fig 1 


Fio 2 


Fic 1 Spectrum of the antimon> chlondc reaction with an extract of laraprcv 
retinas A high band at 6*^2 m/j due lo vitairui \i and a low absorption m the 
region of 618 mu due to vitartiin \i arc present m Inc proportion 89 U The total 
non saponifiable oil from 40 rcunaa dissolved in 0 3 cc> chloroform had been mixed 
with 3 2 cc of antimony chlondc reagent and the spectrum measured m a la> er 1 cm 
m depth 

Fio 2 Spectrum of the antimon> cabndt reaction with an extract of lamprey 
pigment cpithcha choroids and rclcra prepared as n Fig 1 Both vitamm As and 
\i absorptions arc present in the ralu 82 18 
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Fig 4 


Fig 3 Spectnim of the antimony chlondc reaction ^\ith an extract of retinas and 
pigment cpitheba from the nlcwfe prepared as m Fig 1 Only the liand at 613 
due to vitamin As appears m this spectrum. These akviivca, anadromous tcleosts 
accompanied the laraprc>'S used in the present cxpenmcntsin thcirspawningmigration 
Fio 4 Spectrum of the antimonv chlondc reaction wiln a chloroform extract cf 
the livers of late larvae cf F n anrus The spectrum shows the presence of the 
vitamin Ai band at 618 mp alone 
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in their spawning migration by a large number of alewives, anadromous 
teleosts coming m from the sea for the same purpose The retinas and attached 
pigment epithelia of a number of these fish were treated precisely like the lam- 
prey tissues They yielded the spectrum shown m Fig 3, a single band at 693 
m/i due to vitamin Ao Thus the retinal vitamin A patterns of the lamprey 
and alewife run parallel with their salinity relations in spite of their wide 
phylogenetic separation 

Compared with freshwater and anadromous teleosts, however, the lamprey 
retma contains an extraordinarily small amount of vitamin A 2 If its content 
IS stated as 1, that of the pickerel retina is about 5, the calico bass 14, the white 
perch 25, the alewife 65, and the carp 200 (Wald, 1938-39) “ 

For this reason porphyropsin must appear in very low concentration in the 
lamprey retina, so low as to discourage an attempt on our part to extract it 
But both the presence of porphyropsin and its low concentration can be in- 
ferred from earlier observations Kuhne (1878 a, b) reported that retinas 
of dark adapted P jliiviaidis display a strikingly feeble color, which despite 
its low saturation could be identified clearly as purple, inclining in hue toward 
violet or bluish Walls (1935) describes the color of dark adapted P mariiius 
retinas as “truly purple (rhodopsin is usually red in color) ” The purple color 
IS characteristic of porphyropsin 

Liver 

The larval lamprey possesses a liver, gall bladder, and bile duct of normal 
appearance During metamorphosis both the latter structures are lost, and 
with them all direct connection with the intestinal lumen Yet the liver grows 
thereafter to a large size, and presumably retains important metabolic func- 
tions In the migrating adult it is deep green m color, due apparently to 
suffusion with bile pigments 

Fresh livers of late larvae were extracted by shaking exhaustively with 
chloroform The extract, tested with antimony chloride, yields the single 
band at 618 mju which characterizes vitamin Ai (Fig 4) The fresh liver 
weighs about 20 mg , and each liver contains about 1 3 jugm of vitamin A, 
or about 61 iigm per gram of fresh tissue This should be a low but not 
unusual concentration in the livers of teleost fishes (Sakamoto, 1941) 

The identification of vitamin A in adult livers proved to be troublesome 

The tissues were ground fresh with an equal weight of anhydrous sodium sulfate, 
and were extracted with n-pentane in a Soxhlct apparatus About 10 per cent of the 
tissue weight of deep brown or greenish brown oil was obtained A portion of this 
tested with antimony chloride yielded a highly turbid, impenetrable mixture Ihe 

- The very low concentrations of vitamin A 2 in the e> e tissues and Ai in the liver 
(see below) of the migrating lamprev suggest that it is m a sUte of severe nutritional 
deficiency Probably the lamprev, like a number of teleost fishes, stops feeding 
toward the beginning of its spawning migration 
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oil was saponified m 6 per cent KOH in methanol at 50®C under nitrogen The 
non saponifiable fraction, extracted with benxine was surprisingly large, and when 
tested with antimonv chlonde yielded brown mixtures with rapidl> changing spectra 
in which the bands of vitamins A could not be identified Finally a portion of the 
non-sapomfiablc oil dissolved m benzine was run through an adsorption column of 
equal parts nugncsium oxide and cehtc. An orange band was adsorbed high on the 
column and below this a broad colorless rone which fluoresced strongly greenish 
white in ultraviolet light Such fluorescence is characteristic of vitamin Ai The 
fluorescent zone was cut away from the rest of the column, eluted with 1 per cent 
methanol m benzme and the extract tested with antimony chlondc 

The resultant spectrum is shown in Fig S It displays a single band at 
612 tn;j due to vitamm Ai In the course of this procedure too much material 



Fio 5 Spectrum of the aniunonv chloride rcacDon with an adsorbed fraction 
of the non saponifiable oil from adult lamprey hvers. The spectrum shovrs the 
presence of vitamin Aj alone 

was lost to permit an estimate of the vitamin A content of the adult liver, but 
this was dearly very low 

The lamprey liver therefore reverses the vitamm A pattern of the eye tissues 
containing primarily if not exdusivcly vitatmn Ai Such reversals of vitamin 
A configuration m eyes and livers have previously been encountered m fresh 
water and onadromous tdeosts the carp, chinook salmon, and brook trout 
(Wold, 1938-39) 

DISCUSSION 

Earlier experiments have demonstrated a genetic correlation between the 
salinity relations of a wide vanety of fishes and the composition of tjieir visual 
systems The present observations extend this relation smoothly mto the 
group of cydostomes. The anodromous sea lamprey possesses a great pre- 
dominance of the porphyropsln vitamm Aj system, precisely like an 
anadromouB teleosL 
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This observation enormously broadens the evolutionary status of vitamin 
A2, heretofore believed to be associated exclusively with the entry of teleost 
fishes into fresh water It shows that the capacity to use and probably to 
synthesize vitamin A2 is a deep and recurrent vertebrate property Since 
lampreys possess vitamin A2, freshwater elasmobranchs may be expected to 
do so also, and the same may be true even of freshwater invertebrates In 
any case the lamprey result calls into immediate question the concept that 
Ai IS the primitive and fundamental vertebrate vitamin A 

SUMMARY 

The porphyropsin-vitamm Ao cycle has been found heretofore only in the 
retinas of bony fishes capable of existence m fresh water Cyclostomes, due 
to their primitive and isolated phylogenetic position, might be expected to 
possess the rhodopsin-vitamin Ai cycle common to marine elasmobranchs, 
almost all marme teleosts, and all terrestrial vertebrates so far examined 
Yet the anadromous sea lamprey, Petroinyzon manmis, possesses primarily 
the porphyropsm system, like an anadromous teleost This observation 
greatly extends the phylogenetic association of vitamin Ao with the capacity 
for freshwater existence 

Compared with freshwater and anadromous teleosts, the lamprey retina 
contains the porphyropsm system in extremely low concentration 
The remaining eye tissues, like the retina, contain both vitamins Ai and 
A2, the latter greatly predominant The livers of larval and adult lampreys, 
however, appear to contain vitamin Ai alone This situation also is not 
without teleost precedent, since the carp and certain anadromous salmomds 
display similar reversals of vitamin A pattern m the liver and eye tissues 
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The crystalhzation range for protoplasmic systems, according to Luyet, ex- 
tends for only some 30-40° below 0°C Rapid passage through this range is, 
for most organisms, essential if they are to survive extremes of chilling More- 
over, the length of time spent at temperatures below the freezing or crystalliza- 
tion range usually, as we should expect, has no effect on the per cent of revivable 
organisms (Luyet and Gehenio, 1940, Luyet and Hartung, 1941) Organisms 
of more than a millimeter or so m size cannot survive this treatment since heat 
cannot be conducted from and to their interiors fast enough on chdling and on 
warming to prevent mternal crystallization and death The water content 
of the organisms also is important In general, organisms with a low water 
content best withstand vitrification 

The germ plasm of mammals seemed to us to be of special interest in connec- 
tion with vitrification since the storage of sperm would be of value in connec- 
tion with the fertilization to produce oflfsprmg perhaps generations after the 
donor’s death 

Luyet and Hodapp (1938) vitrified and revived an appreciable number of 
frog sperm after removmg some of their water content by plasmolysis with 
hypertonic sucrose solutions They were, however, unable to revive any rat 
sperm Shettles (1940) m the course of a study of the physiology of human 
sperm had been able to vitrify and revive a few per cent of seminal human 
sperm immersed m capillary tubes in the liquified gases and later rapidly 
warmed 


n 

Expenments with Human Sperm 

During the past winter we have confirmed Shettles’ findings and extended 
them We have been able to revive as many as 67 per cent of sperm after 
exposure to liquid nitrogen at a temperature of — 195°C We have used 
seminal sperm always from the same human donor m a series of experiments 
attemptmg to improve the viable yield Luyet and Gehenio (1940) described 
immersmg small organisms m liquid air by entrappmg them in a film on a wire 
loop 2 to 3 mm in diameter In this way there is only a small amount of sur- 
rounding liquid and contact is favored with the refrigerant This method of 
immersion with certam types of pretreatment of the sperm produced occasional 
small yields of motile sperm after liquid nitrogen (see Table I) With human 
sperm our best results came by producing an air emulsion, or foam, of the sem- 
mal fluid by bubblmg it through a capillary pipette and plungmg it, trapped 
on a very fine wire screen mto the liquid nitrogen The solidified foam is 
afterwards warmed by quickly plunging it into a small volume of isotonic 
Locke-Ringer solution, glucose phosphate solution, or blood serum at approxi- 
mately 35°C The sperm, motile and dead, are then counted with an hemo- 
cytometer The revived sperm show motility mdistmguishable from that of 
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TABLE I — Conttttued 
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MINUTES 

Fio 1 Upper curve shows effect of age after emission on motility of human 
sperm X.owcr curve shows for the same sample* per cent motile sperm 
ifter vitrification in liquid nitrogen, with subsequent warming as a function of age 
iftcr emission daahed curve shows the per cent of Itvtag sperm before 

dtnfication which survived liquid nitrogen and subsequent wanning. 

lormal controls. We have tned a wide variety of plasmolyaing solutions as 
iretreatment to mcrease the yield These will be considered later in connec 
ion with our expenments with rabbit sperm. In the case of human ipenn 
Dretreatment of tha Ifmd usually tends to decrease the yield. With the foam 
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method we typicaUy get yields of 20 to 40 per cent with fresh sperm samples 
There is a certam amount of variation from day to day Table I summarizes 
our work with human sperm 

Freshness of the samples of human sperm is important This was also em- 
phasized by Shettles’ expenments Fig 1 shows a typical curve of per cent 
recovery of motile sperm after chillmg to - 195°C as a function of the sample’s 
age smce emission The recovery curve parallels a control curve treated the 
same way except for chillmg Table H shows further data from another sam- 
ple of sperm mdicatmg the efltect of age xn vitro on the sperms’ abdity to with- 
stand the temperature of hquid mtrogen 
We do not know how long sperm would remam viable at — 195°C but we 
would expect them to do so mdefimtely Shettles kept samples of human 
sperm at — 79°C up to 70 days His data show a small decrease m viabihty 

TABLE n 


Exptnments with Human Sperm 


Age of spenn in vitro 

Total motile after 
limud mtrogen 1 

immersion i 
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unchiUcd controls 
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after Hquid nitrogen 
immersion 

mtn 

per cent 

per cent 

per cent 

40 


75 

67 

65 

20 6 

— 

— 

88 

— 

50 

— 

130 

IS 0 

52 

29 

140 
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52 

29 


over this penod But with his small )aelds and with the wide vanabihty m 
samples showmg these low yields we do not regard this apparent trend m a few 
expenments as significant 

m 

Animal Sperm 

Human sperm withstand vitrification and revival better than do those from 
other animals that we have examined Our prehmmary experunents with 
sperm from rat, mouse, gumea pig, rabbit, and bull yielded completely negative 
results We accordmgly decided to mvestigate rabbit sperm systematically 
We have studied sperm samples from the vas deferens of 31 rabbits and also 8 
samples of ejaculated rabbit sperm Luyet and Hodapp were unable to revive 
frog sperm smeared m films on mica and dipped m liqmd air without first 
plasmoiysmg them m sucrose solutions After 3 mmutes of plasmolysis m 2 M 
sucrose solution, about 40 per cent of their frog sperm ceased motion but the 
remamder survived immersion m hquid am if followed by very rapid warmmg 
These revived sperm were motile as long afterwards as were controls 
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We have found that this same procedure does not permit any revival of 
mammalian sperm just mentioned Human sperm occasionally give by this 
procedure a small viable yield (Table I) We have ploamolysed rabbit sperm 
for lengths of time varying from 2 seconds to 30 mmutes in many solutions 
These mclude Rmger solution vaiymg from laotomc to ten tunes isotomc We 
have varied the Na, Ca ratio and K, Ca ratios of our pretreatmg solutions. 
We have plaamolysed with rabbit, human, and beef serum rangmg from isotomc 
to five times isotomc. We have pretreated the sperm with glycerine, rmnerai 
oh, ohve on, Citrate, gelatm, petroleum ether, and hypertomc solutions con 
taming butyric aod All of our experiments were controlled in that the effect 
on sperm of each pretreatmg agent was first detenmned not to produce irre- 
versible immobilization. We have also pretreated rabbit sperm with sterile 
human seminal fluid 

FoUowmg a method of Luyet we have immersed the pretreated sperm Ram 
pies mto the hquid mtrogen by exposmg them as films on fine wire loops, by 
smeanng them on mica and cellophane, and by our foammg techmque de- 
scribed above m connectioa with human sperm We have tried dehydration 
by the air drymg of films and of foam at vanous rates and have also vacuum 
dned the sperm at — 79®C after Uqmd mtrogen immersion m order to sublime 
off excess water In some of the experiments we have used a machine for 
transfernng the sperm mto the liquid mtrogen and then retiansfemng them 
to the warmmg medium. This machine effects the transfers in approximately 
0 01 second but this does not produce apprcoably better results than rapid 
transfers by hand All of our experiments have been repeated several times, 
usually on sperm from different rabbits Our wanning medium has usually 
been an isotomc glucose phosphate solution experimentally demonstrated to 
be a good medium for rabbit sperm Isotomc Locke-Ringer is about equally 
effective Rabbit serum mamtams motility a htUe better than cither of these 
media- 

Positive results have occurred only as follows Occasionally we have had 
approximately 0 1 per cent rcYival of bull and of rabbit sperm after hquid 
mtrogen immersion by pretreating them for several mmutes with Rmger solu 
tion of from 1 to 2 tune* Isotoniaty containing double the normal amount of Ca. 
Very occasionally we have had a comparable yield of motile rabbit sperm after 
plasmolysing for 5 to 10 mmutes m a solution of 5 tunes the normal Rmger 
concentration Our best consistently reproducible results on recovery of 
motile rabbit sperm after immersion at — 195®C have been obtamed by first 
drying tlim smears of otherwise untreated iras or ejaculated sperm nearly to 
completion on cellophane In au These, after the chilling yield from 0 1 per 
cent to 08 much as 1 0 per cent motile sperm when rapidly warmed. Pre- 
treatment of rabbit sperm for from 2 to 10 minutes with a solution made up of 
0 01 N butync aad In 3-4 tunes the normal Ringer or serum concentration also 
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yields positive and repeatable results to the extent of about 0 1 per cent re- 
coverable motile sperm after bqiud mtrogen All of the plasmolysmg solutions 
that are effective produce complete immobilization on theur own account, but 
this is reversible when the sperm are put m isotomc Rmger solution, serum, or 
glucose phosphate solution 


SUMMARY 

1 A wide vanety of procedures was used to test the motdity of mammahan 
sperm after plungmg them mto hquid mtrogen at — 195°C and later rapidly 
warmmg them to 35°C by plungmg them mto a suitable balanced and isotomc 
medium 

2 Usmg semmal flmd sperm from the same human donor, maxim al numhers 
of motde sperm survived vitrification when the samples were (a) very fresh, 
(b) untreated with plasmolysmg solutions, (c) plunged mto the refrigerant m 
the form of a foam The maximum yield of motile human sperm recoverable 
from the hquid mtrogen was 50 per cent Smce m this sample only 75 per cent 
of the sperm were ahve before immersion, 67 per cent of the hvmg sperm 
survived vitrification 

3 Experiments with sperm from 31 rabbits were made with a vanety of 
conditions of pretreatment to obtam maximal yields of recoverable, motile 
sperm after vitrification by hqiud mtrogen (a) A consistent recoverable 
yield of about 0 5 per cent was obtamed when the untreated suspension of 
sperm was smeared on cellophane and partially dried m air before immersmg 
m hqmd mtrogen (5) On a few out of many occasions plasmolysis for several 
rmnutes with hypertomc Rmger solution gave a recoverable yield of 0 1 per 
cent as did (c) pretreatment with h3q)ertomc Rmger and butyric acid 
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THE RADIOACriTVITY OF POTASSIUM FROM HUMAN SOURCES 
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(From Iki Deparimmi of Pkysxoloty and ike Dcparimoit of Eodw?!©©) of ike Schotd of 
Medtane and Dentistry of The JJnP)trstly of Rochester, Rochester, 

New Yorh) 

(Received for publication Auguit 9, 1941) 

The purpose of this paper is to present data which have accumulated in our 
laboratory over several years tending to show that the relative abundance of 
the naturally radioactive isotope of potassium m the human body is prob- 
ably about 2 per cent leas than m commercial or “shelf* potassium as supplied 
in the market The work was begun on account of the statement of Ernst 
(1934) based on an inadequate photographic method that K*® is (relative to 
K**) more abundant m Uvmg cells Since the work was begun other papers 
by Pohlmann (1938), Pohlmaim and Nettcr (1938), Lasmtzki and Oeser (1937), 
and by A. TAsnitrki (1939) have appeared, all condudmg that if K*® is more 
abundant in biological potassium the difference is not over 5 per cent Smee 
more data are desirable to improve the precision of the result it seems worth 
while to publish our data- Moreover, smee our experiments were completed, 
T-asniUki and Brewer (1941) have investigated the abundance of m potas- 
sium from vanoua sourcca and have found it abnormally abundant in bone 
(mdudmg the marrow) and m plasma but normal m other tissues except 
tumors where it was low Presumably similar but smaller differences should 
be found for the radioactive isotope R*® In our measurements the R*® was 
directly determmed but the results are not wholly consistent with these 
expectations. 

Afethod 

Human ashes were obtained from the crematonum of the dissecting room. It Is 
probable that some from dogs and occastonal pieces of wood and wrappings 
were included, but allot the ash was biological and most of it was human The ashes 
were extracted with hot water Potassium was preapitated from the filtered extract 
by ammirnniTn perchlorate. The preapitalB was filtered off and washed in water and 
converted to K.C1 by beatmg in the oven. This was changed to KjS 04 by dissolving 
in HjSOi and evaporating to drynesa. This m turn was converted to potassium 
acetate by the edition of the calculated amount of banum acetate. The filtiatc 
was evaporated until It was nearly saturated the final volume bang usually about 
10 cc. This solution was sampled with a wash-out pipette for a potassium analysis 
by a sll^tly modified Sbohl a n d Bennett method and its radioactivity was measured 
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by a Geiger-MuUer counter descnbed by Bale el al (1939) Other samples of shelf 
potassium (Baker s analyzed and Kahlbaum’s for last 2 samples) were treated in a 
similar way as controls The actual number of impulses received by the countmg 
circuit was four times as large as the figures given smce only 1 out of 4 impulses was 
passed on to the counter through the scahng curcmt In some preparations the 
potassium was dissolved from the ashes m HCl and the calcium was subsequently 
removed by making the solution a lkalin e Excess of barium m preparation No 7 
was removed by hydrogen sulfide and the KCl was recrystalhzed several times before 
it was finally prepared as the acetate In this case a spectrographic analysis of the 
solution, kmdly made for us by Dr L T Steadman, mdicated that the concentration 
of rubidium was not greater than one part in 5000 A trace of barium was present m 
both samples m apparently equal amounts 

RESULTS 

Nme different comparisons were made between samples of shelf and of h uma n 
potassium and the results are shown m Table I Two to six mdependent 
chemical analyses for potassium were made on each sample Lackmg sufficient 
data to calculate a probable error we have quoted only the maximum deviation 
of these analyses from the average figure which is taken as the concentration of 
the solution The solutions were counted m alternation m periods of 15 
minutes (usually) The total tune devoted to coimtmg each solution is given 
m the table as weU as the total number of counts recorded for each solution and 
the background count (usmg distilled water) calculated for the same length of 
time The net counts are then divided by the concentration of the solution and 
by the dilution factor to give the corrected radioactivity m the next to last 
column The relative radioactivity of the human K m terms of shelf K as 1 0 
IS given m the last column In all cases (but one) the radioactivity of human 
K IS shghtly less than that of shelf K and has an average value of 0 98 

Dtluhon Correction 

In certam of the experiments the potassium concentrations were not the same 
m the two solutions which were bemg compared In such cases it was necessary 
to make a correction for dilution because the number of counts recorded is not 
proportional to the concentration but falls off shghtly on account of the m- 
creasmg absorption of the /3 rays by the solution To deterinme the magmtude 
of this self absorption a strong solution of potassium acetate (80 to 90 gm per 
100 cc ) was diluted to various fractions (0 5-0 8) of its origmal strength and 
coimts were made m the origmal and m the diluted solution 

A complete theoretical treatment of the self absorption of )3 rays is probably 
too complex to be attempted here but the foUowmg approximate formulation 
wih be sufficiently accurate for present purposes The number of /3 rays ab- 
sorbed should be proportional to the number present or to the concentration of 
and the fraction of those present which are absorbed should be proportional 
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Tlie next to last coitimn is obtained by dividing the net counts by the dilution correctioa 
and by tiie conc eutis tion In No 8 the densities oI the lohition were 1 162 and 1 147 whenc* 
the concentrations as determined from density tables were 35^ per cent and 32^ per cent. 
Using these values the radioactivity of the hnmm K was 97 7 per cent of that of tho shelf IL 
These solutions were made from No 7 after the latter had been partially converted to sulfate 
for analysis. In No 7 the human potassium hod a slightly hi^ier density (1.245) than the 
ihelf potassium (1.235) although the chemical analyses came out exactly cquoL The cor 
responding concentrations are 56 per cent and 53 J per cent respectively Using these values 
theradioactivity of the human £ is 93.7 per cent of that of the shelf K. InNo 9 the densities 
were 1J42 and 1J35 respectively In the shelf and human samples respectively Using 
concentradani reail from these valnes the relative radioactivity of the human sample would 
have been 096 


to the densaty of the solution or to the total concentration of potassium acetate 
m grama per 100 cc In other words the number of counts not recorded be- 
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cause of self absorption should be proportional to the square of the concentra- 
tion Consider two concentrations (grams per 100 cc ) Ci<Co givmg total 
counts ri<ro Then 


Ta±kC\ Ti -f kCl 


Co 


Cl 


This may be transposed to 

Ti/Ci 

To/Co 


- 1 


k(Co - Cl) 
To/Co 


(-8 


( 1 ) 


( 2 ) 


kCo- 


where the constant K = and Co/ Jo is assumed constant Now T/C may 

be termed the specific radioactivity of the sample of potassium (number of 
counts per unit of K) so that m words this means that the specific radioactivity 
of a dilute solution is higher than that of a concentrated solution by factor 
which, for a given value of Co, is proportional to the difference m concentration 

To determme the dilution correction we have made sis comparisons between 
a concentrated solution of K acetate and a solution obtamed by dilutmg that 
solution to 0 5 or less of its ongmal strength The results are shown m 
Table H 

In the first two of these comparisons the dilutions were made by pipettes m 
the usual way This, however, mtroduced some possible error because of the 
high viscosity of the potassium acetate solution and because of the shrinkage 
of volume when it is mixed with water In all the later dilubons the shrinkage 
of volume was measured and corrected for by measurements of the density of 
the solutions and m the last three comparisons the dilutions were made alto- 
gether on a basis of weight and density rather than by direct volumetric meas- 

T* /C 

urement In Fig 1 the values of ~ are plotted against the dilution fraction 

To/Co 

Cl/ Co, the results of the last three comparisons bemg mdicated by open circles 
With the exception of one pomt, which seems to be too high aU the pomts he 
fairly well along a straight hne through the origin of slope = K accordmg 
to equation 2 We can find no reason for the high value obtamed m this one 
case, the dilution was checked by density detemnnations and the solutions 
were counted with unusual thoroughness on two different counters (3 a and 3 i 
of Table 11) with almost identical results We have drawn the curve without 
regard to this aberrant value and have used it for correctmg values obtamed m 
Table I However, if the higher value had been used it would have made the 
radioactivity of the human potassium still lower m relation to the shelf po- 
tassium 

In Table I all the solutions except Nos 5, 7, and 9 were prepared directly 
from human ashes as already descnbed In aU these cases some correction for 
difference m concentration on the basis of Fig 1 was reqmred To avoid this 
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correction Nos 5 and 7 were prepared from previous solutions of human po- 
tassium to have the same concentration as the shelf potassium used for com 


TABLE n 

Daiafor Dtluiion Carreciian 



Fio 1 Correction for dflation of potastUnn accUte m range where Co - about 
90 gm. of salt in 100 cc of solution. The correction »• ^ ^T^tion 2. 


panson. No 9 represented a pooled sample of human potassium prepared 
from all that rtmamed of all the solutions previously used. Before use it was 
repreapitated and purified Smee the correction for dilution can be regarded 
as having only cmpincal vahdity and since such a conection mtroduces many 
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additional sources of error in the final result most emphasis must be laid upon 
those comparisons where both solutions were nearly equal m concentration, 
t e , Nos 5, 7, 8, and 9 AU these four values agree very closely the average 
value bemg 0 975 The average of all the other values where a dilution cor- 
rection was used was 0 98 


DISCUSSION 

It is difficult to estimate accurately the rehabdity of these measurements 
The average error of the K analyses, however, is about 2 per cent Takmg all 
the comparisons together there were 31 analjrses of each type of potassium 
which gives an error of analysis of about 0 36 per cent The total number of 
counts recorded for the human El was 15,092 X 4 Smce the random error 
of countmg is proportional to the square root of the number of counts the 
percentage error becomes 0 41 per cent The error of a ratio of counts to 
concentration is then about 0 55 per cent Taking the average radioactivity 
of human K as 98 per cent of that of shelf El, it may be stated that a difference 
of 2 per cent with an error of 0 55 per cent could occur by accident less than 
once m 1000 times The error of the final result may also be estimated directly 
from the results of the rune different comparisons which gave an average value 
of 0 978 with a probable error of the mean of 0 005 On this basis it may be 
stated that a difference of 2 2 per cent could occur by chance once m many 
thousand tunes Analysis of our counts on solution 6 for example shows that 
the ratio of the net counts m the two solutions was determmed with a probable 
error of 0 6 per cent Thus m any smgle determination of the relative radio- 
activity the chief error is m the chemical analyses and no one figure by itself is 
significantly different from 1 0 Unless, however, there is some consistent 
error m all the determmations which we have not detected it must be concluded 
that all rune detenmnations together indicate a significant deficiency of 
m human potassium 

This deficiency m radioactivity of human potassium cannot be due to radium 
salts which are stated to be a common impurity m commercial KCl (Bramley 
and Brewer, 1938) because all of these preparations were sulfated durmg the 
procedure Thus the radium would have been precipitated as sulfate and 
removed along with the barium sulfate Spectrographic analysis shows that 
the rubidium present was too small to influence the count A separation of 
isotopes of the magmtude observed is by no means impossible Even greater 
separations have been made by distillation of metalhc K (Hevesy, Seith, and 
Pahl, 1931) and by the use of a zeohte tower (Taylor, 1939) In the latter 
method the heavy potassium exchanges somewhat less readily with other 
cations combmed with the zeohte It might be mentioned also that the heavy 
potassium would have a shghtly lower diffusion rate Takmg the diffusion 
rates of the two isotopes as mversely proportional to theu atormc weights, their 
ratio would be \/39/V40 = 0 987 which is not far from the difference observed 
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In most cases the shelf potassium used for comparison was reprecipitated, 
etc. m the same way as the human potassium so that the presence of radium 
emanation which is reported m commercial potassnim^ could not have vitiated 
the results In a few cases, however, the commercial K acetate was used as 

purchased To test for radium emanation in such a solution we have compared 

a boHed (15 minutes) and an unboiled sample of shelf K acetate and have found 
no change due to the boiling except a possible slight (1 per cent) increase m 
radioactivity without appreciable (0.2 per cent decrease) change m concentra 
tion as shown by density 

Assuming that the human potassium does contain only about 98 per cent of 
the normal radioactivity found in shelf potassiuxa the reasons for this difference 
may now be considered One suggestion is that m extractmg potassium from 
the human ashes the h^ter potassium was more completely dissolved, espe- 
cially from the bones It seems hardly possible, however, that more th an a 
very small fraction of the total potassium of the soft tissues could have re- 
mained behind because of the large amounts of fluid used for extraction The 
fraction of the total potassium which could be found in the bones may be 
estimated at leas than 5 per cent of the total If only 10 per cent remained 
undissolved in the total ash the radioactivity would have to be 20 per cent 
greater than normal m this residue to explain the observed difference in the 
fraction extracted 

A second possibility is that the observed difference indicates that the shelf 
potassium is abnormally high m radioactivity rather than the reverse. We 
have been unable to obtam information from the manufacturer however, con 
cemmg the ongm of the shelf potassium and without thia information it is 
difficult to discuss rhiq point. A companson between potassium extracted from 
very old unweathered Canadian gramte and commercial potassium has been 
mode by Smythe (1939) but the error of the companson was of the order of 10 
per cent so that the failure to Arirf a difference is of no help m the consideration 
of our results Some justification for the use of commercial KCi as a standard 
may perhaps be derived from the work of Brewer (1939) who used the mass 
spectrograph to establish the constancy of the isotope m potassium derived 
from vanous mmeral sources. 

One much more probable explanation for our results is that the food which 
we mgest, coming as it does chiefly from plants, may contain relatively too 
Uttle of the radioactive isotope (although the reverse seems to be the case in 
the sap of Valonia (Jacques, 1940)) The separation could easily be made by 
the root hairs which coiild permit a more ready diffusion of the bghter atoms 
and could somewhat mtensify the difference which would be calculated for 
water diffusion Against this suggestion is the finding of Brewer (1937) that 
certain plants (kelp) have an abnormally great abundance of the other heavy 

* Personal communicatiou from Di. Brewer 
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isotope In potato vines, however, he found a shght deficiency of K" so 
that at present no general rule seems to hold for plants 

If the plants do not cause the observed deficit m K*® then the separation must 
be made by the animal body The mtestmal mucosa could hardly be respon- 
sible for this effect because it absorbs all but about 2 per cent of the total 
potassium of the food It seems more likely that the tubular epithehum of 
the kidney might be responsible if it reabsorbed the light isotopes more rapidly 
than the heavy ones (The glomerular membrane would have the opposite 
effect, if any ) As the excess of light potassium m the body accumulates, how- 
ever, the chance of losmg this excess m the urme also mcreases until finally a 
steady state would be reached m which the isotopic composition of the body 
potassium would become constant In this condition the excess of hght po- 
tassium m the glomerular filtrate would be such that the differential absorbmg 
capacity of the tubules for the bghter atoms would just suffice to give the 
unnary potassium a normal isotopic composition At this pomt the isotopic 
composition of the body would have become ficxed and thereafter the isotopic 
composition of the urme would necessarily be identical with that of the food 
One cannot expect to find, therefore, an excess of K'*® m the urme correspondmg 
to its deficit m the body, nor an mcreasmg defiaency of K“ m the urme 
correspondmg to its deficit m the body, nor an mcreasmg deficiency of 
in the body with mcreasmg age Accordmg to the tubule theory the plasma 
K should have a low radioactivity similar to the average of the body as a 
whole, smce free exchange of K between plasma and tissues has been estab- 
lished (Noonan al , 1941) We have, however, some tentative evidence 
(unpubhshed) that plasma K is not abnormally deficient m K^® although there 
IS such a deficiency m the K of the erythrocytes If this is confirmed, the 
tubule theory must be discarded 

Fmally it is possible to suppose that the cell membranes m the body are 
responsible for a selection of the hghter isotopes Lasmtzki and Brewer have 
suggested an mgenious theory which predicts such an effect where the mobihties 
of the potassium isotopes are considerably diminished by association with 
constituents of the tissues Our results seem to be consistent with this theory 
but It appears that Lasmtzki and Brewer should have found an abnormally 
low content of heavy isotopes m the tissue instead of the predominantly normal 
values which they reported It is not, therefore altogether easy to reconcile 
our findmgs with all of those of Lasmtzki and Brewer (1941) although strictly 
there is no direct factual conflict 


SUMMARY 

A comparison of the radioactivity of potassium from human and commeraal 
sources mdicates that the radioactive isotope K*® is probably 1 or 2 per cent 
less abundant m human potassium 



W 0 FENN, W F BALE, AND L. J iniLUN3 


353 


For assistance with this problem at various times we gratefully acknowledge 
the assistance of Miss Dona M Cobb, Miss Lorrame Haege, Mi<t? Eugenia 
Shcndan, and Mr William B Latchford 

BIBLIOGItAPHY 

Bale, W F , Haven, F L , and I^cvrc, M. L , Rtv Sctsnt Inslr , 1939, 10, 193 
Bramley, A., and Brewer, A- K., Pkysic, Rev , 1938, 63, 502, 

Brewer A. K,, J Am. Ckem, Soc 1937, 59, 869 
Brewer A, K. Phystc. Rev 1939, 66, 669 
Ernst, E,, Z'Ta^unouiefWc/uj/fen, 1934 22, 479 

Hcvesy, G. V , Sath, W and Pahl, M , Z pkyetk Chem,, Bodenstcin Festband 
1931, 309 

Jacques, A. G , 7 Gen. Pltysid , 1940, 23, 741 

lasnitiki A., Am. J Cancer^ 1939, 35, 225 

Tjjmitr.ki A., and Brewer, A. K., Butchem J , London, 1941, 35, 144. 

Laamtild, A., and Oeser, E. A / Ckem Soc , 1937 1090 

Noonan, T R. Fcnn, W 0 , andHacgc,L., 7 1^» 132, 474 

Pohlmarm, J , Arch, get PItystol , 1938, 240, 377 

Pohhnann, J , and Ncttcr, BL, Naturmssenschaflen, 1938, 28, 138 

Smythe, W R- Pkync Rev , 1939, 56, 316 

Taylor, T L, Sctence, 1939 89, 176 




SOME FACTORS WHICH INFLUENCE THE OXIDATION OP 
SULFHYDRYL GROUPS 

Br iL L. ANSON 

(From the Laboratories of The Rock^dUr Insixtuie for Medual Reztarckf FrinoeUm, 
New Jersey) 

(Received for pubUcatioD, August 6, 1941) 

INTBODUCnON 

The expeninents described La this paper show (1) that the ondahon of 
SH groups by common ondizuig agents such as femeyanide and Folin’s unc 
acid reagent is inhibited by cyanide and promoted by copper sulfate, (2) that 
the SH groups of denatured egg albumm can be ondued by an equivalent 
amount of femcyanide even m the absence of denaturing agents, provided 
aggr^tion is avoided, (3) that the SH groups of denatured egg albumin are 
more easily ondixed by some oirdinng agents m urea or guanidine hydro- 
chloride solution than In a solution of long chain alkyl sulfates^ or m the ab- 
sence of denaturing agents, and (4) that the SH groups of egg ftlhnmm paxUally 
hydrolyied by pepsin are more caafly ondued than the SH groups of denatured 
but unhydrolyzed egg olbumim It will be shown in another paper that men 
and partial hydrolysis promote the oxidation of protein tyrosine and trypto- 
phane groups as weii as protem SH groups and that urea promotes the oxida 
tion even of free tyrosme and tryptophane- 

Now that It 13 clear that the oxidation of SH groups even by common oxi 
dixmg agents other than oxygen is deperulent on cyanide-sensitive catalysts, 
the possibibty must always be considered that a difference m the ease with 
which two SH compounds ore oxidized may be due, in part at least, to a 
difference m the catalytic impurities present. 

AH denaturing procedures bring about the same quahtative changes in a 
protem’s properties The differences m the ease with which the SH groups 
of denatured egg albumm are oxidized m the presence of different denaturmg 
agents such alkyl sulfate, urea, and guanidine hydrochloride, however, show 

* In a previous note (Anson, 1939o) it was stated that urea and guanidine hydn> 
efabride, Eke Duponol PC promote the rcactioii between femcyanide and tlie SH 
groups of denatured egg albumia but that urea and guanidine h>’drochloridc are kss 
effective than Duponol PC By this statement was meant merely that the amount 
of Duponol PC needed to denature egg albumin and thus to make all the SH groups 
of denatured egg albumin react with dilute, neutral femcyanide is much less than the 
amounts of urea or guanidine hj'drochlondc needed to achieve the same result. 
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that the exact reactions of a denatured protem depend on what denaturing 
agent is present This dependence has also been shown with the mtroprusside 
test The SH groups of denatured egg albumin give a strong pmk color with 
mtroprusside m guanidine hydrochloride solution, a weaker color m urea solu- 
tion, and a still weaker color m alkyl sulfate solution (Anson, 1941) 

It IS known from earher experiments that alkyl sulfate, urea, and guamdme 
hydrochloride all can denature egg albumm, keep the denatured protem m 
solution, and make its SH groups accessible to titration These earher ex- 
periments, however, unlike the present experiments, were earned out m such 
a way that they did not permit any conclusions about differences m the ease 
of oxidation of the SH groups of denatured egg albumm m the presence of 
different denaturmg agents In the earher experiments the SH groups of 
the denatured egg albumm were oxidized m neutral solution by relatively 
strong oxidizmg agents such as porphyrmdm and ferricyamde Under such 
favorable conditions for oxidation the SH groups of denatured egg albumm 
are oxidized m alkyl sulfate solution as well as m urea solution They are 
oxidized, as wiU be shown, even m the complete absence of substances such 
as urea and alkyl sulfate provided the denatured protem is prepared with 
proper precautions In the present experiments, however, the conditions for 
the oxidation of the SH groups of denatured egg albumm are made more un- 
favorable by making the solution more aad or by usmg a weaker oxidizmg 
agent, the uric aad reagent Under the new, more unfavorable conditions 
oxidation of the denatured protem does not take place m the absence of 
denaturmg agents or even m the presence of long cham alkyl sulfates When 
urea or guamdme hydrochloride is added or when the protem is digested 
then oxidation takes place even under the less favorable conditions, and the 
effects of urea, guamdme hydrochloride, and hydrolysis on denatured egg 
albumm are thus readily demonstrated Similarly the effect of added copper 
sulfate on the oxidation of c3^teme by the uric acid reagent is demonstrated 
by carrymg out the oxidation m an aad solution m which no oxidation takes 
place m the absence of added copper sulfate In neutral solution, oxidation 
takes place without added copper sulfate 
The experiments desaibed m this paper have helped to make clearer the 
factors which influence the oxidation of protem SH groups and they have 
suggested experiments with other protem groups By themselves, however, 
the present experiments are not adequate to decide by what structural mech- 
anisms aggregation, denaturmg agents, and hydrolysis influence the SH reac- 
tions of egg albumm Furthermore, although the urea effects which have 
been observed cannot be imitated by small amounts of copper sulfate, the 
present experiments do not decide to exactly what extents catalytic impuri- 
ties contribute to the effects of various reagents on protem SH reactions 
Fmally, it is not known to what extent the unc acid reagent influences the 
surface structure and aggregation of denatured egg albumm 
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expeehienxal results 

Cyamdi , — ^The ondation of the SH groups of cyitfiino (Mathews and Walker, 
1909) and denatured egg albamin (Rosenthal and Voegthn, 1933) by oxy^ is pro- 
moted by heavy metal componnds, espeaalbr copper salts, and inde^ does not btke 
place at ah m the absence of heavy metal catalysts (Warinug and 1923) 

The work on the heavy metal catalysis of oxidation of SH by oxygen has recently 
been reviewed by Bemheun and Bemhelm (1939) 

Most commeroal samples of guanidine hydrochloride mnbthi imparities which 
catalyze the oxidation of the SH groups of denatured egg albumin by o^rgen. This 
oxidation can be inhibited by cyanide (Anson 1941) When the attempt was made to 
titrate the SH groups of denatured egg albamin m gnanfdme hydrochloride sohition 
with femeyamde in the presence of cyanide, added to prevent oxidation by oxygen, 
it was found that the added cyanide inhibited not only the ondation of SH by oxygen 
bat stopped much of the oxidation of SH by femeyamde. Cyanide also slowed 
up but did not prevent the ondation of cysteme by ferricyanide (Anson, 1941) This 
inhibition of femeyanide ondation by cyanide indicated that even the feiruTamde 
oxidation reqoires heavy metal catalysts and led to the present expenments with 
cyanide and copper sulfate. 

The oxidations of SH by the uric acid reagent described m this paper are 
more completely inhibited by cyamde than the femeyamde oxidations prts- 
viQusly studied 1 drop of 0 1 N K CN In 10 cc. solution inhibits completely 
the ondation of cysteine by neutral unc aad reagent. Somewhat more cya 
Hide is needed to inhibit the oxidation of the SH groups of denatured egg 
albumin in neutral urea solution (Table I) 

Heavy if dais — Copper sulfate promotes the oxidation of cysteme by the 
unc acid reagent and femeyamde 

The oxidation of cysteme by the unc aad reagent which takes place m 
alkaUne solution (Folin and Looney, 1922) and m neutral solutma (Lugg, 
1932, Mirsky and Anson, 1935) does not take place at pH 4 8 If copper 
sulfate IS added, however, the oxidation takes place even at pH 4B (Table I) 

Similarly, m neutral solution 1 cc, of 0 001 u femeyamde is reduced by 
1 cc of 0 001 ii cysteme with disappearance of the brown color of ferricyamde. 
At pH 4 8 the brown color docs not disappear If copper sulfate is added 
at pH 4 8, however, the brown color of femeyanide Is replaced by the weak 
red color of copper ferrocyamde 

How add the solution of cysteme has to be made to prevent oxidation by 
the unc acid reagent or femeyamde vanes with different samples of ^steinc. 
Presumably different samples of cysteine contam different amounts of cata 
lytic impunties. The sample of Qfsteme used for the experiments m Table I 
was not the most easily oxidized or the least easily oxidized of the samples 
of (^teine I have encoxmtered If the reagents were completely free of heavy 
metal impunties, oxidation would probably not take place even m neutral 
solution and even a troc^ of added copper sulfate would promote oxidation. 
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In compaimg the osidation of cysteine under diSerent conditions it is im- 
portant to keep the volume of solution m which the reaction takes place con- 
stant At pH 5 2 cj'steme is oxidized by the unc aad reagent 15 per cent it 
the reacQon is earned out for 10 minutes m 10 cc of solution If, however, 
the reaction is earned out m 3 cc with the same absolute amounts of reac- 
tants and the solution os diluted to 10 cc at the end of 10 mmutes, then 71 
per cent of the cj’steme is oxidized In 6 cc of reaction solution, the oxida- 
uon IS 30 per cent complete 


TABLE I 

Ejui qj C.V jnd CuSOi on OxuioLon oi SH Groups 


10“* mt OI C2r5 e-US or 10 olbomia plus 5 9 cm. area in 10 cc. of 0 1 it phosphate or acetate solution. 

Ondacan lur 10 nunn es at 2o*C. by 0 5 cc. of one acid reagent 


SH Ck-rapo-iid 1 

pH i 

CuSO. 

RCX 

Ondatioa 

1 

1 

CTirxit? 

nirXlS* 

tCTccai 

Cysteme. 

6 6 

0 

0 

100 

Cj'steme, ! 

6 6 

0 

5 

0 

Albumin. I 

6 9 

0 

0 

100 

Albumm 1 

6 9 

0 

10 

39 

.Albumm 1 

6 9 

0 

30 

10 

Cv Sterne, i 

4 8 

0 

0 

1 0 

Cj Sterne, I 

4 8 

4 

0 

ss 

Cvateme. ' 

• i 

4 8 

1 

0 

46 


Bli Jiur ng Agtiils — The SH groups of denatured egg albumin have been esti- 
mated m a vanetv' oi wavs m solutions oi alk>l suliate, urea, and guamdme hjdro- 
cnlonde which serve to denature the protein and to keep the denatured protem m 
solution In a neutral solunon oi guamdme hv drochlonde it requires 1 cc. of 0 001 
II poiphvTmdm to abolish the SH groups or 10 mg ol coagulated egg albunnn as shown 
bj the abohuon or the mtroprusside test (Greenstem, 193S) In a neutral solution 
of Duponol PC, a mixture or long chain alk} 1 sulxates, 1 ca or 0 001 ii lerroQ'amde is 
lormed when 1 cc. or 0 001 n temev-amde is added to 10 mg ol denatured egg albumin 
(Anson, 1939 o, b) The evidence that femev-amde is oxidizing onlv SH groups and 
all the SH groups is that Q-steme is the onlj ammo aad known to reduce femej-amde 
under the condinons used, that heat denatured egg albumm treated with lodoaceta- 
mide m the absence or denaturmg agents no longer reduces lerriQ-amde m Duponol 
PC solution, that the amount or lemcjwnide reduced bv albumm denatured b}" Du- 
ponol PC IS withm wide hmits mdependent or the concentration of lemcj-amde, and 
the pH, time, and temperature or the reaction (.Anson, 1939a, b), that the amount or 
lemcj-amde reduced is the same whether the reacbon is earned out m solution or 
Duponol PC, urea, or guamdme hj drochlonde (.Anson, 1940, 1941), and that the 
number or SH groups detected is the same whether one measures the amount of 
lemcv-amde reduced or the amount of lemcj-amde, tetrathionate, or ^»-chloiomercun- 
benzoate needed to abohsh the SH groups, as shown b3* the abohtion of the mtroprus- 
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Side teat (Anson 1940, ISHl) or the number of SH groups of neutral native egg ab 
bumm titrated by iodine in 1 KI at 0®C (Anson, unpubliabcd c:g)cnmentfl) * 

Before rtagfjita such as guanidine Iqfdrochlotide and alkyl sulfate were btroduced, 
attempts ■were made to estunate the SH groups of heat coagulated egg .ilhiiTnin which 
led to SH values that axe now known to be about the coirectvaluc, Hopkins 
(1925) first showed that ondixed glutathione can oxidlxe some, at least, of the SH 
groups of denatuicd egg albumin. When cystine (Musky and Anson, 1935) and 
potphyimdln (Kuhn and Desnuellc, 1938) were added to 10 mg of coagulated egg 
albumin, the amount of oxidicng agent reduced was equivalent to only 1 cc, of 
0 0005 11 cysteine. 

Ihe first studies of the reactions between femeyanide and coagulated SH protons 
showed that ferricyanlde can oxidire lyrosmo and tryptophane groups as well os SH 
gpoups and that the amount of femeyamde reduced is greater the hi gher the concen 
tration of femeyamde (Mitaky and Anson, 1936) Later expenments showed that if 
the concentrabon of fetncyonlde u not too high femq^amde reacts onty with the SH 
groups of denatured egfg albumin and not with tyrosine, tryptophane, or disid fide 
groups (Anson, 1939 6) and that the amount of fcndcyanide reduced by SH groups 
alone depends on the concentration of femeyamde and on the physical state of the 
proton the more the protein la aggregated, the less femeyamde being reduced (An 
son, 1939 o) * Rcferoice was made to e&dier viscoiity mtasuiements which showed 

^ There is no significant change in the sedimentation rate of the albumin as a result 
of the iodine reacbom Thus the cuadaboo of the SH groups of nabve egg albumm 
by an equivalent amount of iodine does not involve polymerization of the protein, 
'^e SH groups of egg albumin can be abolished by reaction of the neutral native 
protem not only with iodine but also with dilute permanganate or with hydrogen 
peroxide in thousands of tunes greater concentration than is needed for the oxidabon 
of the SH groups of denatured egg albuiain. 

* When a Butatance reacts with a protein which is precipitated Instead of m solution, 
the substance has farther to diffuse before it meets a protein parbde it has to pene- 
trate the precipitate, and it reacts with groups whose properties must be changed 
to some extent by the bondmg betw ee n molecules in the preapitate. Smee a signifi 
cant fraction of all cellular protons is not m solution, it would be desirable that the 
reactions of proteins in the solid state be systexoabcally studied. Some years ago, 
03 a result of some failures in trymg to dry crystalline carboiypepbdase without 
inactivation I began a study of the dcaaturabon of protein m the solid state. When 
protem crystals were made msoUible by denatumbon procedures the superficial 
crystalline form was retained (Anson 1938) The temperature coefficient of dena 
turabon of protein in the solid state was rou^y the same aa that of dcnatuiation In 
solution, (unpublished expenments) If a solid paitide had denatured as a whole, 
the way a single protem molecule m solution denatures as a whole, the terDperature 
of denaturabon would have been almost as sharp as a melbng pomt When the SH 
groups of protems denatured in the solid state were studied by the techniques then 
available, difficulties were encountered which led to a further study of SH groups. 
The subject of the SH groups of protein denatured m the solid state has not smee 
been reinvesbgated. 
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that denatured egg albumm can be aggregated even m apparently dear solution and 
that this aggregation is sensitive to salt (Anson and MirsLy, 1932) Because of the 
aggregation effect the practical estimation of the SH groups was earned out m the 
presence of Duponol PC, which acts as a solvent as well as a denaturant Further- 
more, the experiments on the reaction of femeyamde with the SH groups of denatured 
egg albiumn m the absence of denaturmg agents were earned out not with a preapitate 
but with a solution of denatured egg albumin which reacted much more readily with 
femeyamde than the suspensions of coagulated egg albumm previously used De- 
naturation was brought about m aad solution and then the denatured protem was 
cooled and brought mto neutral solution The SH groups of 10 mg of such a prep- 
aration of denatured egg albumm m solution were oxidized 64 per cent by 1 cc. of 
0 001 II femeyamde and oxidized 94 per cent if the femeyamde concentration was 
mcreased 25 times (Anson, 1939i) For the present experiments on heat denatured 
egg albumm m the absence of denaturmg agents, denatured egg albumm was prepared 
m essentially the same way as previously but even more care was taken to avoid 
preapitation 

The effect of urea on the SH groups of denatured egg albumm can be shown 
with the uric acid reagent m neutral solution or with femeyamde m acid 
solution The uric aad reagent oxidizes the SH groups of denatured egg 
albumm m neutral urea solution (Table H, Experiment 1) but not m alkyl 
sulfate solution (Experiment 2) or m the absence of denaturmg agents (Ex- 
periment 3) Guamdme hydrochloride gives a preapitate with the unc aad 
reagent 

Ferric^^mde, a stronger oxidizmg agent than the uric acid reagent, oxidizes 
the SH groups of neutral denatured egg albumm even m alkyl sulfate solu- 
tion'‘ (Table H, Experiment 4) or m the absence of denaturmg agents (Experi- 
ments 5 and 6) In alkyl sulfate solution at pH 4 9, however, femeyamde 
oxidizes the SH groups of denatured egg albumm only 21 per cent (Experi- 
ment 7) The per cent oxidation is maeased from 21 to 86 if urea is present 
instead of alkyl sulfate at pH 4 9 (Experiment 8) In the absence of de- 
naturmg agents denatured egg albumm is insoluble at pH 4 9 At pH 3 9 
oxidation by femeyamde is more complete m guamdme hydrochlonde than 
in urea solution (Experiments 9 and 10) 

The blue color formed when the SH groups of a denatured protem are 
oxidized by the unc aad reagent m neutral urea solution is a convement 
measure of the SH content of the protem The number of SH groups of com- 
pletely denatured egg albumm, edestm, and tobacco mosaic virus oxidized 

The SH groups of denatured tobacco mosaic virus m alkyl sulfate solution are not 
oxidized even by femeyamde Recently Dr Seymour Cohen has found by measure- 
ments of sedimentation rates that tobacco mosaic virus m sodium dodecyl sulfate 
solution IS dissociated mto molecules about the size of egg albumm The failure of 
femeyamde to oxidize the virus SH groups m sodium dodecyl solution is therefore 
not due to aggregation 
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in neutial urea solution by tlie unc aad reagent is the same as the number 
of SH groups detected by femeyamde titration m guanidine hydrochloride 
solution by the procedure described elsewhere (Anson, 1941 , Anson and Stan 
ley, 1941) Egg albumin and edestin are rapidly denatured m neutral urea 
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solution m the presence of the unc acid reagent. Tobacco mosaic virus, 
however, is not rapidly denatured by neutral urea and the native virus does 
not reduce the uric gri d reagent in urea solution The virus, therefore is 
denatured m acid urea solution before the estimation of the SH by the unc 
oad reagent m neutral solution, 

Greenstein (1938, 1939) titrating with poiphyrindm, a much stronger oxidizing 
agent the unc aad reagent, found that fewer SH groups of egg albumm, edestin 
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and globin were made dtratable by urea than by guanidme bydrochJonde In the 
light of the present experiments it is imhkely that, as Greenstem supposed, urea failed 
to “hberate” aU the SH groups of his proteins Denatured SH protems give a much 
weaker pink color with mtroprusside m urea than m guamdme hydrochlonde solu- 
tion (Anson, 1941) It is therefore possible that a negative mtroprusside test is not a 
smtable end-pomt for the porphynndin titration m urea solution 

Urea makes the pH of buffers more alkaline This effect is especially 
marked with acetate buffers When a comparison is made between an oxi- 
dation m the presence and absence of urea, therefore, a more acid buffer is 
used m the presence than m the absence of urea so that the pH, as measured 
by the glass electrode, is the same m both cases (Table H, Experunents 7 
and 8) 

When urea or guamdme hydrochloride is used a considerable part of the 
total volume of solution is occupied by the denaturmg agent Thus for a 
given total volume of solution the concentration of reactants per gram of 
water is greater m the presence than m the absence of urea and guamdme 
hydrochlonde An mcrease m concentration of reactants per gram of water, 
however, favors oxidation, as has been pointed out Thus when a com- 
parison IS made of a particular oxidation in the presence and absence of urea 
and guamdme hydrochlonde, the reaction is earned out at constant concen- 
trations of reactants per gram of water not per cubic centimeter of solution 
The exact amount of water m a saturated urea solution which is available 
for a pro tern reaction is not known 

The unc acid reagent not only does not oxidize the SH of denatured egg al- 
bumm m neutral alkyl sulfate solution itself but mterferes with the oxidation 
by femeyamde m alkyl sulfate solution Tungstate does not mterfere with 
the femeyamde oxidation Both the uric acid reagent and tungstic acid, 
however, slow" up the reaction between ferrocyamde and feme sulfate to form 
Prussian blue No study was made of the mechamsms of these inhibitions 

Alkyl sulfates inhibit the oxidation of the SH groups of denatured egg 
albumm m urea solution by the unc acid reagent This inhibition is greater 
the higher the concentration of alkyl sulfate, and it is greater with Duponol 
PC, a mixture of long cham alkyl sulfates, than with pure sodium dodecyl 
sulfate Thus detergents may act as inhibitors as well as solvents 

Hydrolysis — The effect of hydrolysis m activatmg the SH groups of de- 
natured egg albumm can be demonstrated with either the uric acid reagent 
or with femeyamde Denatured egg albumm is not oxidized by the unc 
acid reagent m neutral solution m the presence or m the absence of alkyl 
sulfate (Table If, Experiments 2 and 3) In contrast, all the SH groups of 
a peptic hydrolysate of egg albumm are oxidized by the unc acid reagent m 
neutral solution either m the presence or m the absence of alkyl sulfate (Table 
HI) 
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At pH m a soluhoa of sodium dodecyl sulfate, 1 cc even of 0 05 M 
femcyanide oxlduea 10 mg of egg albumm only IS per cent Under the 
same conditions the hydrolysate is oxidised S3 per cent (Table Hf) 

78 per cent of the SH m a peptic digest of egg albumm is precipitated by 
the unc aad reagent, which is a phospho IS-tungstic aad (Wu, 1920), or by 
saturated ammonhitn sulfate. The SH which is precipitated is either a part 
of peptides preapitable by phospho-lS-tungstic acid (a more satisfactory pre- 
apitant for peptides than tungstic acid) or it is adsorbed to the preapitate 
which 13 formed Free cysteme and cysteme added to a peptic digest of egg 
nihiimin are not preapitated by phospho-lS-tungstic aad The 22 per cent 
of the SH of a peptic digest of egg albumm which is not preapitated by phos- 
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pho-lft-tungstic add 13 either free cysteme or SH peptides which are not 
precipitated by phospho-lS-tungstic aad 

Pure SH pepUdea such as would be desirable for studies of the relation-^ 
of peptide structure to the properties of the peptides' SH groups hd. 
yet not been isolated from enzymatic digests of protems The ^ 

which SH or its ondation product, S—S, is estimated should f 
isolation of such peptides 

If hydrolyzed egg albumm is allowed to stand m neutral solution, the 
groups are oildued to S—S by the oxygen of the oir As wiU be d 
m a later paper, the total S — S present can then be readily estimated 
sulfite plus the unc aad reagent 


EXPEJUMENTAL PBOCEDUEZa 

^{om-Cyitcine hydrochlonde-Hoflimum La Roche. Dissolved in 0 1 N 
HCi, stored at 0 C. and used promptly 

Drea-Merck’, reagent. The SH group, of denatured egg albumm were stable 

for one-hahh^ in the presenix of the particular sample of urea used Othersam 

pies contained more catalytic unpuntict. 
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ci/j'i /J.<jhin iKU, rodik UlrdUbh by urea than by guanidine hydrochlonde In the 
Jight ol tlie pre-^nt t/perirncntb it is unhkcly that, as Greenstein supposed, urea failed 
to ^ Jibcrate’^ all the >SII groups of his proteins Denatured SH proteins give a much 
v/<^ker junk whr v/ilh nitroprusside in urea than in guanidme hydrochlonde solu- 
tion (An /in , I'Ml) It i » therefore possible that a negative mtroprusside test is not a 
suitable end-jionit for the porphyrmdin titration in urea solution 

L/rcd makes the pll of buffers more alkahne This effect is especially 
marked wiHi acetate buffers When a comparison is made between an oxi- 
d itjoii 111 tlie jiresenee and absence of urea, therefore, a more acid buffer is 
Ui>ed in the presence than in the absence of urea so that the pH, as measured 
by the glass electrode, is the same in both cases (Table 11, Experiments 7 
and 8) 

When urea or guanidine hydrochlonde is used a considerable part of the 
total volume of solution is occupied by the denaturing agent Thus for a 
(pven tol.il volume of solution the concentration of reactants per gram of 
water is greater m the presence than m the absence of urea and guamdme 
lydroc hloride An increase m concentration of reactants per gram of water, 
wever, favors oxidation, as has been pointed out Thus when a corn- 
son IS made of a particular oxidation in the presence and absence of urea 
nd gu.inidine hydrochlonde, tlie reaction is carried out at constant concen- 
tr.itions of rctict, lilts per gram of watci not per cubic centuneter of solution 
'I'lie cx.icL amount of water in a saturated urea solution which is available 
for a piotein reaction is not known 

'The line acid reagent not only does not oxidize the SH of denatured egg al- 
liuinin in neutral alkyl sulfate solution itself but interferes with the oxidation 
by feriicyanide in alkyl sulfate solution Tungstate does not interfere with 
the feiiicyanide oxidation Both the uric acid reagent and tungstic acid, 
however, slow uji the reaction between ferrocyamde and ferric sulfate to form 
I’liissian blue No study was made of the mechanisms of tliese inhibitions 
Alkyl sulfates inhibit the oxidation of the SH groups of denatured egg 
albumin in urea solution by the uric acid reagent This inhibition is greater 
the highei the concentration of alkyl sulfate, and it is greater with Duponol 
rC, a mixture of long clnin alkyl sulfites, than witli pure sodium dodecyl 
sulfate Thus detergents nny act is inhibitors as well as solvents 

Hydrolysii — I'he effect of hydrolysis in activating the SH groups of de- 
nituied egg albumin tin be demonstrated witli either the uric aad reagent 
01 with ferricyinide Denatured egg albumin is not oxidized by the unc 
acid reagent m neutv il solution m tlie presence or in the absence of alkjd 
sulfite ('rable II, Experiments 2 and 3) In contrast, all the SH groups of 
a pejitic hydrolys ite of egg ilbumm vre oxidized by the unc aad reagent m 
nentr il solution either m the presence or in the absence of alkyl sulfate (Table 
III) 
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At pH 43 m a solution of sodium dodoyl sulfate, 1 cc e\en of 0 05 u 
femcyamde oxidizes 10 mg of egg albumin only 15 per cent Under the 
same conditions the hydrotysate is oxidized 83 per cent (Table HI) 

78 per cent of the SH m a peptic digest of egg albumin is preapitated by 
the unc acid reagent, which is a pho3pho-18-tungsbc aad (Wu, 1^0), or by 
saturated aromomum sulfate The SH which is preapitated is either a part 
of peptides precipitable by phoj^iho-lB-tungstic aad (a more satisfactory pre- 
apltant for peptides than tungstic aad) or it is adsorbed to the preapitate 
which is formed Free (ysteine and cysteine added to a peptic digest of egg 
albumin are not preapitated by phospho-lS-tungstic aad The 22 per cent 
of the SH of a peptic digest of egg albumin which is not preapitated by phos- 
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pho-l8-tungstic aad is either free cystemc or SH peptidea which are not 
preapitated by phospho-l8-tungatic aad 

Pure SH peptides such as would be desirable for studies of the relation 
of peptide structure to the properties of the peptides SH groups have as 
yet not been isolated from enzymatic digests of protema. The ease with 
which SH or its oxidation product, S — S, is estimated should faahtatc the 
isolation of such peptides. 

If hydrolyzed egg albumm is allowed to stand m neutral solution, the SH 
groups are ondizcd to S — S by the o^gen of the air As will be described 
m a later paper, the total S — S present can then be readily estimated by 
sulfite plus the unc aad reagent. 

expeehiental pnocEmmES 

RcagenU — Cystemc hydrochloride — Hofimann La Roche- Dissolved In 0 1 n 
HQ, stored at 0®C., and used promptly 

Urea — Merck’s reagent. The SH groups of denatured egg albumin were stable 
for one-half hour m the presence of the particular ample of urea used- Other sam 
pies cont&med more catalytic impnnUes. 
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Guanidine hydrochlonde — prepared from purified guanidme carbonate according 
to Anson (1941) 

Duponol PC — du Pont Stored as a 10 per cent solution 

Sodium dodecyl sulfate — prepared especially by du Pont through the kmd offices 
of Dr Samuel Lenher Not available commercially 

Femcyamde — purified according to Anson (1941) 

Unc acid reagent — prepared according to Fohn (1934) 

Feme sulfate with gum ghatti — prepared accordmg to Fohn and Mahnros (1929) 

Egg Alhimin — ^Recrystalhzed by ammonium sulfate or sodium sulfate to constant 
SH content, dialyzed, and stored frozen Once crystallized egg albumin always has a 
low SH content and sometimes the SH content is not raised to the usual value of 1 2 
per cent cysteme even by repeated recrystalhzations When two procedures for the 
estimation of SH are bemg compared, the same sample of egg albumm should be used 
for both procedures 

Egg albumin denatured by heating m aad is prepared as follows To 6 cc of 2 
per cent egg albumm add 1 cc of 1 N HCl, place m 50°C bath for 5 mmutes, cool m 
ice water, add shght excess of 1 n NaOH so that the solution is blue to thymophtha- 
lem (about 0 1 cc 0 1 N NaOH excess per 10 mg albumm), add water to 12 cc , cool 
and store m ice water, and use promptly Egg albumm denatured by tnchloracetic 
aad and washed by decantation before solution with NaOH gives the same results as 
egg albumm denatured at 50°C 

To prepare digested egg albumm a pH 2 0 solution contammg 10 mg of egg albu- 
mm and 1 mg of crystalhne pepsm per cc of 0 045 n HCl is kept at dS^C for 1 hour 
The vessel is evacuated and filled with 99 8 per cent mtrogen several times before 
digestion is begim If digestion is earned out m air, there is a small loss m SH ® 
The hydrolysate gives no precipitate with hot 0 2 n tnchloracetic acid Pepsm it- 
self self-digested at pH 2 0 and 65°C does not give a mtroprusside test m guanidme 
hydrochlonde solution 

The quantities of reagents used, the volume of solution m which the reaction is 
earned out, the time of reaction, and the percentage oxidation are given m the tables 
The pH was measured by the glass electrode 

The reactions with the unc aad reagent are all earned out at 25°C After the 
designated time of reaction the solution is diluted to 10 cc , if it already is not 10 cc , 
and the blue color formed by the reduction of the unc acid reagent is read either 
agamst a standard blue solution formed by the oxidation of 1 cc of 0 001 M cysteme 
or agamst a blue glass cahbrated with a standard blue solution When the blue 
solution contams urea it is necessary m order to have an optically homogeneous solu- 
tion either to use a dry colorimeter cup or, if the cup contams residual water, to nnse 
the cup with a urea solution contammg 1 gm of urea per cc water 


® When egg albumm was hydrolyzed completely by hot, concentrated sulfunc aad 
m air, only 1 cc of 0 005 ii cysteme was found m the hydrolysate of 10 mg of egg 
albumm (Mirsky and Anson, 1935) Half the SH was presumably lost by oxidation 
and by adsorption to humm Durmg the partial hydrolysis by pepsm under the 
conditions desenbed there is no oxidation of SH or formation of humm 
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When SH is oiidired by tiie unc aad reagent, tlie solutions ore prepared and mixed 
os follows Into one teat tube tiicro are pipetted tlie mic aad rea^nt, the 1 cc. of 1 
M buffer (except with heat denatured albumin when 1 cc. of 0 1 u buffer is used), a 
vo lum e of 0 5 N NaOH equal to the volume of unc add reagent (this NaOH bang 
added to ncutrahxe the aad reagent), copper sulfate or alkyl sulfate, when they are 
used, and water to make up a volume I cc. less than the final volume desired. 1 cc. 
of SH solution IS pipetted into another test tube The unc aad reagent solution is 
poured into the SH solution and the mixed solution poured back and forth Thu 
manner of mixing formation of tuibid solutions and the mtroduction of 

catalytic unpunties 

When urea is used it Is first placed mto a dry teat tube to which the unc acid 
reagent etc., are then added. The test tube U placed m a ST’C. bath to dissolve the 
urea and then the solubon is brought to 25‘*C before bang mixed with the SH solu 
bon After the mixing, the mixed solubon u centnfuged to hasten the removal of 
air bubbles 

When both Duponol PC aad 5 9 gm. urea are present m 10 cc. solution some of the 
Duponol PC comes out of solubon in time. Before the colorimctnc reading is made, 
tbaefore the solubon la warmed to dissolve the DuponoL 

When cyanide is added to inhibit ondabon by the uric add reagent, it is added to 
the SH solubon just before the mixing with the unc add rcagenb 

The femeyamde reactions are all earned out at 37®C. and, except Experiments 
7-10 of Table II, are earned out os follows. The reagents and water are mixed fn a 
test tube the SH solubon bong added next to last, and the ferncynzude last. 1 cc. 
of 1 u buffer u used except with beat denatured egg aZbomin when 1 cc. of 0 2 if 
buffer is used In the espemnenta with beat denatured egg albumin, furthennore, the 
ferricyanide is added promptly after the protein If the heat denatured protein is 
allowed tc stud m the neutral buffer solubon Its SH groups become less completely 
oxidixed by dilate femeyamde Femcyamde is added last so that the alkahne heat 
(hmatured albumin docs not come in contact with the femeyamde before the proton 
IS neutraliied. After the ftmeyanide reaction has taken place In 10 cc for the dcsig 
nated bme at 37®C , there are added 0-5 cc. of 2 n HjSO*, 0-5 cc. of 10 per cent Du 
ponol PC, 0 S cc, of 0 1 u ftmeyanide or 0 5 cc, of water if the sohibon already con- 
tains concentrated femeyanide and 0 5 cc. of feme sulfate. As previously pointed 
out (Anson 1939h), the Duponol u added to prevent turbidity and the extra ferticy 
amdc to promote the formation of Prussian blue. After 20 mmutes the Prussian blue 
formed is read m red light against dthcr a Prussian blue solution developed from 1 cc 
of 0 001 u ferrocyanide or against a blue gbos calibrated with a Prussian blue stand 
aid. 

E^qjerimenta 7-10 of Table H are aimed out os follows To a mixture of 0 5 cri. 
SH solution, 0 5 cc 1 M buffer and 0 5 cc. feriicyanide there u added nther 0 1 cc. of 
10 per cent sodium dodccyl sulfate, 1.5 gm- of urea or 1-5 gm of guanidine h>‘dro- 
chloride. The ferrocyanide formed m the all^l sulfate and urea solutions is esti 
mated aa Prussian blue as already desenbed the solution being diluted to 10 cc, be- 
fore the addition of ferric sulfate, etc. Guanidine bydrochlondc, however intciferea 
with the complete conversion of fcnocyamdc into Prussian blue So fn the expen 
ment with guamdinc hydrochloride one measures not the ferrocyanide formed but 
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the number of SH groups surviving The protem is precipitated and washed with 
0 2 m trichloracetic acid and the protein’s SH groups estunated with femcyanide m 
neutral Duponol PC solution 

The experiment on the effect of copper sulfate on the oxidation of cysteme by 
femcyamde is earned out as follows To 1 cc of 0 001 M cysteme there are added 
0 3 cc of a 1 M buffer contammg equal parts acetic aad and sodium acetate, and 0 5 
cc of 0 002 M femcyamde The brown color of femcyanide does not disappear 5 
drops of 0 002 m copper sulfate are added The brown color disappears unmediately 
and IS replaced by the weak red of copper ferrocyamde 

The experiment which shows that 78 per cent of the SH of a peptic digest of egg 
albu min is preapitated by 0 05 m phospho-18-tungstic acid m 1 n H2SO4 is earned 
out as follows To 2 cc digest there are added 0 8 cc unc aad reagent, 5 cc 2 n 
H2SO4, and water to 10 cc The preapitate is centrifuged off and its SH content 
estimated with the unc aad reagent m neutral urea solution The SH content of the 
precipitate is the same whether 1 cc of 0 001 m cysteme is added to the digest or not 

SUMMARY 

1 Cyanide inhibits the oxidation of the SH groups of cysteine and de- 
natured egg albumm by the unc acid reagent 

2 At pH 4 8 cysteme is oxidized by the unc acid reagent and by femcyamde 
m the presence but not in the absence of added copper sulfate 

3 In neutral solution, the unc acid reagent oxidizes the SH groups of de- 
natured egg alb umin m the presence of urea but not m the presence of alkyl 
sulfate or m the absence of denaturmg agents 

4 Femcyamde oxidizes the SH groups of neutral denatured egg albumm 
even m the presence of alkyl sulfate or, if precautions are taken to avoid 
aggregation, in the absence of denaturmg agents 

5 In acid solution, femcyamde does not oxidize the SH groups of denatured 
egg albumm completely The oxidation is more complete, however, m the 
presence of urea than m the presence of alkyl sulfate, and more complete m 
the presence of guamdme hydrochloride than m the presence of urea 

6 The uric acid reagent which does not oxidize the SH groups of neutral 
denatured but unhydrolyzed egg albumm m the absence of denaturmg agents 
does, under the same conditions, oxidize the SH groups of egg albumin par- 
tially hydrolyzed by pepsin 

7 At pH 4 8m alkyl sulfate solution femcyamde oxidizes the SH groups 
of digested egg albumm more completely than the SH groups of denatured 
but undigested egg albumm 
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I 

The question of the basic analytical form of the flicker recognition curve is 
of interest m several ways. An acceptable theory of the flicker contour should 
provide indices of the invariant properties of flicker recognition under different 
conditions, such os are necessary for the understanding of this kind of visual 
exatation and for relating its data to other visual measurements. It is also 
required for the interpretation of the duplex flicker contour as typically found 
with vertebrates, where two groups of neural effects usually arc complexly over 
lapped in the determination of flicker The demoastratioa of the occurrence 
of same fundamental form for the flicker curves m each of these two groups 
mdependently m man, is dealt with in the present paper This substantiates 
rather directly the procedure already used for the separation of the two groups 
of effects in duplex flicker contours, and is important for the analysis of their 
mtegrstivB luterscticm 

An acceptable equation for the flicker contour must first of all describe in a 
satisfactory quantitative way the interdependence of flash frequency F and 
flash intensity I critical for the response under a given set of conditions, and 
with reference to known measures and properties of the variances of the data 
A given set of conditions mvolves effective constancy of wavelength composi- 
tion of light the form of the hght-dark alternation, the light time fraction in 
the cycle, the temperature of the organism, and certain other variables, 
such as the position of the light on the retina, the constancy of the pupil open 
ing, and the degree of homogeneity m the state of the tested individuals dunng 
the observations. The acceptable fonnulation must also, however, and os a 
necessary condition, exhibit under different circumstances properbes of its 
parameters such as are called for by the notion the equation of the descriptive 
curve 18 mtended to express. In the present case this mvolves properties of 
the variation of the measurements as well In general, testing the properties of 
parameters is of course much more significant than the indications firom sunpic 
entena of curve-fitting This is especially so for a multivariate situation, in 
which the exact relationship between any two significant variables 
upon the magmtudes of a number of others 
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TEe qutttiQH of the basic analytical lotm of the fiicLer tecogmtioii curt e u 
of mtereat m several ways An acceptable theory of the flicker contour should 
provide indices of the invariant properties of flicker recognition under different 
conditions, such as ate necessary for the nnderstandmg of this kind of visual 
eiatatlon and for relating its data to other visual measurements It is also 
required for the mterpretatiou of the duplex flic ker contour as ^ically found 
with vertebrates, where two groups of neural eflects usually are complexly over 
lapped in the determination of flicker The demonstration of the occurrence 
of the same fundamental form for the flicker curves m each of these two groups 
mdependently, m man , u dealt with in the present paper This substantiates 
rather directly the procedure already used for the separation of the two groups 
of effects m duplex flicker contours, and is unportant for the analysis of their 
mtegrabve mteraction 

An acceptable equation lot the flicker contoui must first of all describe m a 
satrsfactory quantitative way the mterdependence of flash frequency F and 
flash intensity / cntical for the response under a given set of conditions, and 
with reference to known measures and properties of the v'anances of the data 
A given set of conditions mvolves effective constancy of wavelength composi 
Uon of hght, the form of the hght-dark alternation the light time fraction In 
the fiaih cyde, the temperature of the organism, and certam other variables, 
such os the position of the hght on the retina, the constancy of the pupil open 
mg, and the degree of homogeneity in the state of the tested individuals durmg 
the observations The acceptable formulation must also, however, and as a 
nacttsaty condition, exhibit under different cucumstances properties of its 
parameters such as are called for by the notion the equation of the descriptive 
“Tve IS mtended to express. In the present case this mvolves properties of 
the variation of the meaaurements as well In general, testmg the properties of 
parameters is of course much more significant than the indications from simple 
oitena of curve-fitting This is espeoaily so for a multivariate situation, m 
which the exact relationship between any two significant vamhies depends 
upon the magnitudes of a number of others. 
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The visual performance contours of most vertebrates characteristically 
exhibit the well known duplex form of the curves describmg dark adaptation, 
mtensity discrimination, flicker recognition, visual acuity, and the like, as 
functions of mtensity and of time For the analysis of duplex flicker contours 
It has been found necessary to extrapolate the high mtensity segment toward 
F = 0, and to obtam the low mtensity contnbution by subtraction from the 
observed course of the data ^ This procedure depends upon a vahd theory of 
the fundamental nature and form of the flicker contour as it might be observed 
if there were no overlappmg of the two populations of neural efi'ects It also 
rehes upon the tested mterpretation of the resultmg properties of the summation 
(or rather mtegration) of the two sets of efiects m the region where overlappmg 
occurs 

There are two immediate pomts, namely (1) the form of the “cone” curve 
m isolation and (2) the fundamental form of the “rod” curve when not com- 
phcated by the overlappmg photopic function The problem is m some re- 
spects more mterestmg when the degree of overlappmg of photopic and scotopic 
effects IS typically more complete, as with man,- than with certam fishes® for 
which the separation of the two groups of effects is comparatively extreme 
The further question as to the mechanism evident m the overlappmg of these 
two groups of effects depends for its resolution upon the satisfactory analysis 
of these two pomts This analysis requires the i^stematic experimental 
mampulation of the conditions of visual excitation m such ways as will expose, 
without overlappmg, the forms of the pnmaiy “cone” and “rod” curves 
The problem of the mtegrafaon of effects when overlappmg does occur is dealt 
with elsewhere Throughout we shall for brevity use the labels “rod”- and 
“cone”-effects respectively for the low mtensity and the high mtensity seg- 
ments of the duplex contours It is not to be presumed that the two segments 
are taken to describe the mtnnsic properties of the retmal rods on the one hand 
and of retinal cones on the other We are simply concerned with the fact that 
two groups of neural effects are mvolved m the recognition of flicker, and that 
these two groups have m certam respects demonstrably different properties 
although mtegrative relations can occur between them 

n 

It has been urged^ ® that the basic form of the uncomphcated flicker contour 
is given by a probabihty band m which F ± aj? is a normal probabihty mtegral 

1 J GeiJ Fhysiol , 1936-37, 20, 411, 1937-38, 21, 17, 203, 315, 1938-39, 22, 463, 
1939-40, 23, 229, 667, 677, 1940-41, 24, 505, 635, 1941-42, 26, 293 
- J Gen PJtyswl , 1937-38, 21, 203, 1940-41, 24, 505, 635, etc 
3 J Gen Physiol , 1937-38, 21, 17, 313, 1938-39, 22, 463 
■< Froc Nat Acad Sc , 1937, 23, 71, 516. 1938, 24, 125, 216 
5 Froc Nat Acad Sc , 1936, 22, 412, 1938, 24, 130, J Gen Physiol , 1935-36, 
19, 503, 1937-38, 21, 17, 1939-40, 23, 101 
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m log (/ ± cr/) Ordinarily, F Is fixed at vanous levels and cntical intensity / 
ifl repeatedly measured, its mean value Im is computed, P is then erhib lted as a 
probability mtegral m log 7* With repeated flashes, 1 / 1 (where i is the flash 
exposure *= \/F) is a measure of the capaaty to distinguish separateness of 
flashes But flicker recognition is also governed by the flash mtensity 7, and 
dunng a finite mterval the exatation should be the mtegral of a frequency dis- 
tribution of — 7 d (1/7), and thus of d log 7* This integral is then equatable 
to 1// The argument for the expected Gaussian form of this mtegral is the 
same as with other modes of ezatatiom* Animals possessmg but one genemi 
land of retinal receptor cell (cones) — as the turtle Pseud^mys,^ the haard 
Phrynosoma,* the zebra finch Taen%opygiQ^—^st sunplex f? ~ log 7 contours 
under various conditions of temperature, bght time fracrtion, retinal area, and 
wave-length of li^t, which are well described by the probability summation 
It also apphes for an animal possessing only retinal rods,^* and for mverte- 
brates havmg uncompUcated simplex performance contours “ With ar- 
thropods the complication usually due to the gross curvature of the optic 
surfaces^ has been satisfactorily accounted for 

The three parameters of the probability summation — Fm ^ , aKsaasn of in 
flection t' , standard deviation / of dP/d bg 7-— while specific for the kind of 

ammal are found to exhibit consistent, non specific, bnds of relations to tem 
peratuxe, number of retmal units involved, light time fraction, and wave-length 
of bght. In forms with which adequate cross-breeding experiments can be 
made these parameters ate also found to demonstrate theur character as natural 
in variants.^ 

It will be shown here that when the F — log 7 contour (man) is determined 
entirely withm the normal fovea, where by the usual tests cones alone are 
presumed to occur, it is of simplex form adhering well to the probabflity summa- 
tion over the whob testable range. It is also shown that by novel extensions 
flnd developments of the procedure for flicker observations the nsmg, low 
intensity, “rod” portion of the typical duplex curve con be observed free from 
“cone” complication, and that this curve then also follows the probabflity 
mtegral form, as already shown for the “rod” contribution as it has been dis- 
sected out by subtraction of the extrapolated “cone” curve. 

*PToc.Nai Acad.Sc.,mi 1940 26, M, 334, 382. 

V Goi. Physiai , 1938-39, 22, 311 193SM0 23, 531 

•7 Gm PAjrujl , 1940-41 24,317 

Gtn Pkynol 1940-41 24,625 1941-12 26,293 

Go; Pkysxd 1938-39,22,555 
PkjsuA , 1938-39, 22, 451 

Gat Physwl 1937-38 21, 223, 463 1938-39, 22, 451 795, 1939-40, 23, 1 
Biel Bull 1939, 77. 126 

Cen Pistol 1937-38, 21, 17 Proc, Nat Aea<L Sc. 1937, 23, 516 1938 
24,221 J GauPkysid 1938-39 22,463,i>oc Nai ir i7i i7/: 

J Cot Pkystd 1939-40, 23, 143 
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The data given graphically m sections HI and IV are drawn from series of 
measurements concerned with the questions of image area, location, wave- 
length, hght-time fraction, and number of lUummated patches as concerne<s> 
with flicker These data will be given m full when discussmg these questions 
systematically m subsequent papers The apparatus and technique have been 
descnbed already 


in 

Measurements of several types of mtensity discnmination have made it 
dear that with test areas falhng entirely within the fovea the performance con- 
tours are simplex These curves are in general accurately described by 
appropriate forms of the probabihty summation ® The common assumption 
has been that such contours are simplex because only retmal cones are then 
mvolved The F — log I contour m the fovea has been determmed on several 
occasions (white hght),'® but somewhat more elaborate tests are required for 
the purpose here m view 

Fig 1 contams measurements from senes with one practised observer (W 
J C ), for monocular regard (left eye) under the conditions of mstmmentation 
and procedure described m some precedhng papers “ We have used an area 
as large as convemently possible (a square 0 6° on a side), centered at the fovea 
by means of an appropmtely located very small, red, fixation dot of suitable 
mtensity just above the upper side of the square In general, less scattered 
determmations are obtained with colored bgbts, and for these the scatter of 
<Ti IS less^’ although the average vidue of ojjlrn is very nearly mvariant, mean 
dm bemg of the order of 0 4 per cent throughout, each of the plotted pomts is 
the mean of ten measurements The curves drawn are probability integrals 
(Fig 2) 

When the F — log 7 contour is determmed at several hght-time fractions, 
with conditions otherwise the same, a better test is obtamed than by mere 
rephcation This is because the properties of the parameters can then be 
exammed On the basis of these properties as seen in the analysis of the in- 
tegrals adjusted to data of this observer from other and larger image areas 
givmg duplex contours,^ we expect m Fig 1 to find cr'icg/ greater, t' lower, 

/ Gm Physiol , 1938-39, 22, 341, 194(>41, 24, 505, 635 

1® / Gen Physiol , 1937-38, 21, 203, 1939-40, 23, 531, 1941-4t2, 26, m press 

1® Cf Hecht, S , and Vemjp, CD,/ Gen Physiol , 1933-34, 17, 251, Hecht, S , 
and Shlaer, S , / Gen Physiol , 1935-36, 19, 965, Hecht, S , and Smith, E L , 7 
Gen Physiol , 1935-36, 19, 979, Shlaer, S , J Gen Physiol , 1937-38, 21, 165, Stein- 
hardt, J , / Gen Physiol , 1936-37, 20, 185, and Crozier, W J , Proc Nat Acad Sc , 
1940, 26, 334, 382 

17 J Gen Physiol , 1941—42, 26, 89, 293 

IS Report m preparation 
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Fig 1 Flicker response contours for square image 0 60* on a side, witiun the fovea 
To the left curves for blue (Wratten Filter No 47), ti, - 0.10 and /t — 0 90 To 
the right curves for -white hght -with tt — 0.50 and li, - 0 90 The point* marked 
C on the B curves are the flash mtensity levels at which color 1* just perceptible 
along the fusiou contour The curves drawn are probability integrals (see Fig 2), 
computed to the rosTiniurn indicated at the tops of the curves. Each pomt is the 
mean of ten determination*. Flash Intensities are m milHlamherts, blue 
matched -with white below the color threshold. 
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and Faux lower than with larger areas, both for the white (W) and for the blue 
(B ) , o-'iog I should be greater and t’ should be less for B than for W, Faux 
greater for B than for W, and for each light-tune [ti) fraction used / 
should be the same, for W and for B These relations are found In addition, 
if the properties of the “cone” segment of duplex contours are of the same kmd 
as those of the exclusively fovea! simplex contours, the appearance of color at 
the fusion point should be, for example, at a rather high flash-mtensity sep- 
arated by log 9 units on the = 0 10 and 0 90 graphs This is seen m Fig I 
There are other facts connected with the subjective experiences along these 
flicker contours, and likewise with the scatter of a-i which are consistent with 
the essential likeness of the properties of these simplex contours and those of 
the “cone” branches in the duplex cases We may conclude that the simplex 
“cone” curve is adequately described over its whole extent by the probabihty 
mtegral 


TV 

Two methods have been used to obtam directly the practically pure rising 
“rod” portion of the duplex flicker contour In one, colored hght is used to 
form a flickered image of suitable area at some distance from the fovea In the 
other a flickered field contammg several fllummated patches is employed 
Qualitatively, the results are of the same kmd The theoretical consequences 
of the experiments with the second procedure are of considerable interest, but 
will not be enlarged upon here One pomt should, however, be mentioned 
under the conditions used it can be shown that the flicker contours due to the 
non-homogeneous but simultaneous excitation of suitably separated retinal 
areas are also simple probability mtegrals, both for the “rod” and for the 
“cone” segment, and that the rules already found'^ for their integrative over- 
lappmg contmue to apply This is manifestly consistent with a central nervous 
control of the flicker end-pomt, and clearly with the theory of its statistical 
determmation, rather than with the idea of its government by retmal photo- 
chemistry — smce the several areas, taken smgly, provide quite different con- 
tours 

Fig 3 gives an illustration of results with the first method, usmg blue hght 
By comparison with the contours obtamed for images closer to the fovea, the 
form m Fig 3 is at first sight pecuhar With smaller test areas m the retmal 
periphery the shape of the contour becomes still more distorted In the 
absence of tests with mtermediate areas and other retinal locations the extra- 
polation of the “cone” curves would scarcely be attempted here, but we do 
have these data The parameters of the empirically fitted “cone” mtegrals 
have the expected mterrelations Their extensions approach F = 0 at just 
about the mtensity where the “rod” curve reaches its maxunum (Fig 3) It 
IS shown that the “rod” data, without subtractive correction for “cone” effects 
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in this case, are here directly described by the probability integral (Fig 3) 
The “rod” j is the same for ■* 0 10 andO 75,Fm*i.does not perceptibly 
change, but even for the "cone" branch this change is quite ftmgll with color^ 
lights, the shift m r' is slightly greater than for the "cone" curve* As for 
the vanous case^ m which the "cone" curve more or leas underlies the whole 
of the "rod" part, the declining "rod” curve is also given by a probability in 
tegml 



Fio 3 FIfeker response contoun for a 3 square centered 12.5 on the temporal 
side of the fovea, wth /t - 0 10 and - 0 75 Probabihty intcgrala are adjusted 
to the uppermost abort segments, and the rod contribution* arc determined by 
difference The inset figure shows that the nsing rod" branches, computed to 
Fa*x. ■■ 23 3 and the declining contributions obtamed by ordinate differences, arc 
well described by the probability mtegraL Flicker contours mth structures inter 
mediate betvicen those of Fig 1 and these of Fig 3, as well aa more extreme in 
stances, are provided by the use of other test areas and retinal locations. 

The second procedure used to free the basic "rod" curve from “cone" in 
volvementfl uses the stnped QrUnder technique^ and a subdivided test field 
such as f* shown m Fig 4. With high values of the contours obtained arc of 
the general form seen m Fig 4 Despite the subdivision of the field the "cone” 
and "rod” segments are smooth, simple functions which shift systematically 
when ii, is changed The significance of these facts for the theory of visual m 
tegrabon is developed elsewhere For the present purpose It is sufficient to 
show that by this procedure the "cone" curve may be made so steep that the 
rising "rod” branch is almost completely exposed (cf Fig 4) The extrapola 
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tion of the “cone” integrals (Figs 4 and 5) requires almost no subtraction from 
the rismg “rod” curves, for which the data adhere to the probabihty summation 
as shown m Fig 6 

The probabihty summation equation apphes non-specifically to the relation 
between F and log I for a great vanety of animal types, and for a number of 
systematically varied conditions Its three parameters have been espen- 
mentally caused to change m such ways as to show that these three mdependent 



Fig 4 Monocular flicker contours (left eye, white bght) for two observers, em- 
ploying the method of movmg stnpes, //, = 0 90, and a divided field 14“ square with 
the pattern shown m the mset The "cone” probabihty integrals with the mdicated 
maxima are shown m Fig 5 

parameters are necessary and sufficient Its derivation is based upon the 
conception that a large number of neural units are concerned in the flicker re- 
sponse, and that these umts fluctuate both in momentary excitabihty (1/7 for 
response) and m their capacities to produce elements of neural effect for the 
determmation of the result used as mdex of response The analysis of dark 
adaptation^® and of mtensity discriimnation shows that at each instant durmg 
the course of progressive changes of excitability a population of neural effects 
forms a umtary statistical assemblage This is basically confirmed by the 
properties of the vanation of the critical mtensity i® It is also strikmgly 

Froc Nat Acad Sc , 1940, 26, 334, 382 

997 Gen Physiol, 1937-38, 21, 17, 1939-40, 23, 101, 1940-41, 24, 505, 635, 
1941-42, 26, 89, 293 
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confirmed by the mtegrated action apparent m our experiments with sub- 
divided fields (Fig 5, etc.) The statistical basis for the integration of ‘‘rod” 
and “cone^’ effects along the flicker contour is likewise consistent with this 
view As edready indicated, the inhibition of some “rod” effects m the zone 
of overlappmg on the duplex curved also follows the aimpTe probabihty law 
m ail cases eraTmned. 



0 1 a a 

103 loi 

Fio. 5 The upper segments of the curves m Fig. 4 shown on a probability gnd, 

Smcc three parameters are required for descnption of the flicker contour, 
and since the shape constant (i/iot /) changed by simply gomg to another 

part of the rctma or by subdividing the image field, it cannot be held“ that 
the photochemical theory of visual data accounts for the form of the curve even 
under fixed conditions of temperature, light Ume fraction, retinal location, and 
the like. When simplex performance contours are naturally available^ ® ^ or 
arc expenmentally uncovered, as in the present instances, their forms do not 
agree with the requirements of photochemical theory any more than do the 
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tion of the “cone” integrals (Figs 4 and 5) requires almost 
the nsmg “rod” curves, for which the data adhere to the pro 
as shown m Fig 6 

The probabihty summation equation apphes non-specific 
between F and log I for a great variety of animal types, ar 
systematically varied conditions Its three parameters 
mentally caused to change m such ways as to show that these 



Fig 4 Monocular flicker contours (left eye, white fight) for 
ploying the method of moving stapes, Ij, = 0 90, and a divided fi 
the pattern shown m the mset The “cone” probabihty mtegrah 
maxima are shown m Fig 5 

parameters are necessary and sufficient Its derivation r 
conception that a large number of neural units are concemei 
sponse, and that these umts fluctuate both in momentary e^ 
response) and m their capacities to produce elements of nei 
determmation of the result used as mdex of response Thi 
adaptation^® and of mtensity discrimmation shows that at ea 
the course of progressive changes of excitabihty a populatioi 
forms a imitary statistical assemblage This is basically i 
properties of the variation of the critical mtensity i® It 

'®Proc lYat Acad Sc , 1940, 26, 334, 382 
20/ Gen Physiol, 1937-38, 21, 17, 1939-40, 23, 101, 1940- 
1941-42, 26, 89, 293 
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discussed m this paper, in which the nature of such integrations can be exposed 
have therefore a particular interest for the theory of quantitative biology 

VI 

SUmiAJlY 

Fhcker response curves (man) obtained with images formed entirely withm 
the fovea are like those secured with lower animals having only one general 
class of retinal receptors They ore normal probabihty mtegrals {F ts log 7«), 
and the properties of their parometerfl agree with those for visually simplex 
Bmmflls and for the “cone" portions of contours exhibltmg visual duplenty 

By several different procedures, mvolving experimental modifications of the 
“cone” curve, the “rod” part of the typical human duplex curve can be ob- 
tained free from overlapping by the extrapolated “cone” curve It then has 
the probability mtcgrol form which the lower segment docs not directly exhibit 
when combined with “cone” effects. 

These results are discussed with reference to the statistical nature of the 
fundamental form of the flicker contour and to the interpretation of duplex 
curves produced by the neural mtcgralion of two independently modifiable 
groups of sensory effects 
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properties of their parameters,^- - when duplex flicker contours must be dealt 
with, the transitions from “rod” to “cone” branches are not analyzed at all by 
the photochemical hypothesis 

In many situations, perhaps m most, which have to be considered by quanti- 
tative biological theory it is obvious that many cellular and other structural 
umts are actmg at the same time It has long been recognized that these umts 



Fig 6 The “rod” segtaents of the contours in Fig 4, on a probabihty gnd The 
values of Famx are indicated 

are probably never qmte identical, and that they spontaneously fluctuate m 
threshold excitabflity as well as m performing capacity There is good reason 
to beheve that the analysis of visual data can dlustrate the operation of these 
factors, under espeaally favorable circumstances A pnmary objective must 
be the separation of non-specific statistical properties of assemblages of umts 
from those properties which can be used to further the mterpretation of mtrinsic 
cellular events, such as those mvolved for example, m sensory excitation ^ 
This procedure will often be confronted by complex mteractions and compound- 
mgs of the activities of different groups of actmg units Instances, hke those 

Gen Physiol, 1939-40, 23, 143, Proc Nat Acad Sc, 1937, 23, 71, 1939, 
25, 171, 176, 1940, 26, 334 
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discussed In this paper, in which the nature of such integrations can be exposed 
have therefore a particular interest for the theory of quantitative biology 

VI 

smotAAv 

Flicker response curves (man) obtained with images formed entirely wittun 
the fovea are like those secured with lower animaU having only one general 
clfljw of retinal receptors They are normal probabflity mtegrals (F m log 
and the properties of their parameters agree with those for visually simplex 
fimmfllfl and for the “cone” portions of contours exhibitmg visual duplenly 

By several different procedures, mvolving cipcnmental modifications of the 
“cone” curve, the ‘ rod” part of the typical human duplex curve can be ob- 
tained free from overlapping by the extrapolated “cone” curve It then has 
the probability mtegral form which the lower segment does not directly exhibit 
when combined with ‘cone” effects 

These results are discussed with reference to the statistical nature of the 
fundamental form of the flicker contour and to the mterpretation of duplex 
curves produced by the neural mtegration of two independently modifiable 
groups of sensory effects. 




THE WAVELENGTH SENSITlVrrY FUNCTION FOR 
THE ZEBRA FINCH 

Bt W J CROZIER Asm ERNST WOLF 
{From tMe Biological LaboralontSt Harvard VmversUyf Cambridge) 

(Ricaved for publication July 16, 1941) 

I 

Data on the spectral diatribution of visual exatability m birds have been 
obtained by various procedure*, but most frequently by methods deriving 
from mtercst m the problems of cobr vision Thus spectral lights have been 
used in tests of intensive discnmmation (Lashley, 1916) and of threshold 
eiatabihty (Watson, 1914, 1915), through use of training procedures (Breed, 
1912, Bafley and Riley, 1931, Hamilton and Coleman, 1933, van Eck, 1939) 
andthepeckmg selection of colored objects (Hess, 1907, 190S, Katx andReveax, 
1909, Hennmg, 1920, Honigmann, 1921, cf also Beuncr, 1938) or of objects 
on a colored field (van Eck, 1939) m lights of different colors. For reasonably 
full measurement of visual exatabiUties these methods are defioent. Dis- 
turbances of breathing rhythm (Rouse, 1905), the electncal responses of the 
eye to exatation by h^t (Piper, 1905, Koblrausch and Brossa, 1914, Kohl 
rausch, 1918, cf cspeaally Kemp and Graham, 1935, and Graham, Kemp, 
and Riggs, 1935), and the contraction of the ms (Hess, 1910, Laurens, 1923, 
Hecht and Pirenne, 1940-41) vonously have been cmpbyed for objective 
determinations of the relations between wavelength and exatabihty, and to 
some extent the dependence of this upon mtensity These procedures all 
have had certain senous defects. 

The flicker contours for certain birds, as determined from the observed 
occurrence of nystagmus, are situated at comparatively low levels of flash 
mtensity (Croncr and Wolf, 1940-41 u) This makes it possible to examine 
the dependence of the flicker contour upon wavelength composition, although 
not with h^ts strictly monochromatic, by usmg flash cycles with small per- 
centage light timp {^ Croner and \Volf, 1940-11 b etc.) The diumai bird 
here employed, the Australian zebra finch Taemopygui casianolxs (Gould), 
histologically has but one general dass of retinal photoreceptors, which are 
cones by the customary criteria Under various conditions of eiatation it 
IS found to provide a flicker contout which is simplex, a normal probabflity 
integral {cf Crozier and Wolf, 1940-41 a, 1941-42 d, etc.) The changes in 
this contour migh t thus be conceived to reflect properties of cone cialabflity, 
as expressed m behavior 
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Wlule the experiraents provide no direct evidence regarding “color” vision, 
it wiU be pointed out that certain comparisons and deductions are possible 
on the basis of measurements by the same method with other organisms 
The general advantage of the flicker method is that it permits use of the 
same tec hn ique with different kmds of animals, over a large range of mten- 
sities The nature of the flicker contour is moreover now well enough under- 
stood (cf Crozier and Wolf, 1941-42 a) to make mterpretations possible m 
terms of the properties of its parameters, and thus to be based upon mvaxiant 
mdices of escitabdity such as are mdependent of the mtensity level Some 
of the considerations which enter have been referred to m a precedmg paper 
(Crozier and Wolf, 1941-42 b) The question is strictly one of flicker excita- 
tion m relation to wavelength, smce even m man the occurrence of subjec- 
tive color has no effect upon the form or properties of the flicker contour as 
such (Crozier and Wolf, 1941-42 b) 


n 

Zebra finches from the stock used m our expenments with white hght 
(Crozier and Wolf, 1940-41 a) were tested m the manner already descnbed 
Four mdividual burds, males, were mvolved throughout No differences 
of senous degree were found among them Tests were made with violet, 
blue, green, yellow, and red filtered from the white These changes m wave- 
length composition were produced respectively by filters Cormng 511, Wratten 
47, 58, Schott GG-11 and Wratten 70 These filters (exceptmg the yellow) 
we have also used for observations with man (Crozier and Wolf, 1941-42 b) 
Save for the red, practically complete contours were obtainable by workmg 
with a flash cycle havmg = 0 10 A sufficient number of measurements 
were also made at = 0 50 to show that the same order and relative spacmg 
of the contours is found as with = 0 10 

The data are given m Table I The vanation mdices (Fig 1) follow ex- 
actly the rule (as to the mean values and the scatter of P E i/I„) aheady 
foimd for = 0 10 and 0 50 with white hght The mtensity umts are given 
m terms of miUilamberts for white light, the figures for the selected spectral 
regions bemg equated to the white by means of thermopile measurements 
(Mohl large surface vacuum thermopile and sensitive galvanometer used as 
a null instrument, with rock salt filter) The data for white hght, (l = 0 10, 
are taken from another report, o-'iog/is the same as for = 0 50 (Crozier 
and Wolf, 1940-41 a) 

In Figs 2 and 3 it is apparent that there occur certam shght but defimtely 
systematic departures from the curves drawn, essentially reproduced m the 
several contours Analogous departures have been noted and accounted 
for m our data on the turtle Pseitdemys (Crozier, Wolf, and Zerrahn-Wolf, 
1938-39) There it was shown that the small but real differences between 
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mdmduals did not wKoUy account for the deviations, but that they were 
correlated with the use of particular decimal filters for the control of intensity 
The same correlation is apparent m the present measurements. The filters 
were cahbrated with care, but defects m calibration as well as the fact that 
the filters are not exactly “neutral” seem to be responsible It is not un- 
myxirtant that this kmd of evidence as to the precision of the observational 
methods should be automatically given by the measurements, 

TABLE I 

Data for H4 PlkJw Responti Cenioiin lottk Vtold Bluty Tdbv, and lUd Lxikis 
{Set Text) wiih tit Ztbra Ftnchj ti •• 0 10 

The ifltepiido are in ternu of (trJbl#) udlHbmbeits, the scales for each colored bdsg 
adfiuted to that for xolult hy means of thermopile measnitmenU (excloding Infrared) Each 
mean cntical flash Intensity Is the average of three rorawirementa with each of four birds, 
the same individual birds being nsed thiougbout. The PE s axe for the dispecalons of the 
four individual averages. 
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The measurements of log for the filtered h^ta ore exhibited as a function 
of m Fig 2 The curves drawn are normal probability integrals (Fig 3) 
The slope constants (o^iog/) for these curves are not certainly different, 
within limits of error Even for rn^u the corresponding differences ore sli^t. 
They are all a little, but perhaps not significantly, different from that of the 
curve for uihUe with ti ■=» 0,50 as already published =» 0 50, Crazier and 
Wolf, 1940-^1 a), for the latter, and for the present « 0 10 series with 
which Its slope agrees, i/i^ / la a little greater 
In terms of the indications drawn from our studies of human (cone) visual 
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exatation, and of cone excitation in lower vertebrates, this means that the 
number of cone units mvolved, whether the stimulatmg light is V, B, G, Y, 
R, or W, IS pretty much the same These mdications obtam for sundry 
types of mtensive discrimination (Crozier, 1940 a, b) m addition to flicker 



6 4 2 0 

log 

Fig 1 Vanation of critical intensity as a function of flash frequency and spectral 
region The band has a slope of 1 Data m Table I, see text 


(cf Crozier and Wolf, 1939-40, 1940-41 a, 1941-42 b, c, etc ) Only for the 
red (R) can we be reasonably sure that the as3rmptotic maximum F is actually 
a httle different from that for the others (c/ Figs 1 and 2) Thus from the 
standpomt of (1) numbers of umts excitable and (2) the numbers of elements 
of eff^ect obtamable, as regards flicker recogmtion, the differences among the 
influences of the several spectral regions is very shght mdeed It is again 
illustrated, however, that hght filtered from a white can produce a higher 
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Pmtx. tliat observed with the unfiiteied white {cf Croner and Wolf, 
1941-42 b) With this bird, the red eibibits this effect, whereas with mnn 
It IS found m the vu>lei and blue. 

In another general respect there is an interesting parallehsm with the cor 
responding curves for nun (Croaer and Wolf, 1941-42 fi) Either from the 
energy standpoint, or from the atandpomt of visual photometry (man), curves 
for h^ta from the blue end of the spectrum he below that for white, while the 



Fia 2 Mean critical intcndUea for response to flicker by the lebni finch, with 
different spectral regions and ■white. Data in Table I, see text. The intensity scale 
IS in rmllilaiiibertfl for vhiU hgfat, the intensibes for the colored lights being adjusted 
to thin on the of therm np il« mcasorcmentfl the scale is thus a relabvt energy 

scale. (The minor systemabc deviabons from the probabibty mtcgrala dravm are 
discussed m the text) 

cnirve for red may f?dl at mtensities hi^er than the curve for white. In the 
human with retinal areas of moderate size, Em** at a given is more 
decidedly a function of wavelength, so that adequate comparisons required 
finding for each color the ■value of ti, serving to bnng the curve to the same 

F The mean energy flux for the inflec tion pomt on the (^^cone ') curve 

(tO could then be computed The comparison of these quantibea showed 
that dotation by the white was appronmately an average of that due to 
primary parts of the spectrum, and certainly not m any sense a simple sum of 
primary exatations. (Even without correction to the same Em** this con- 
clusion IS qnahtativety correct.) 
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For the zebra finch this comparison can be made a httle more directly 
Thus for = 0 10 the maxima for V, B, G, and Y are practically the same 
That for R could not be reduced to the same level by changmg For the 
white, Fjnai = 55 2 at cff /z, = 0 50, with r' = ca J 8, as we know from other 
work We also know from these additional observations that cr'jog^ is mde- 
pendent of II withm these limits {cf Fig 2, and Crozier and Wolf, 1940-41 a) 
We can then compare the values of the mean relative energy flux for SO per 
cent activation of all the elements potentially excitable by white and by the 



Fig 3 The data of Fig 2 shown on a probabihty gnd The lateral separation 
of the curves is arbitrary, for convenience The slopes for the different contours 
differ only very shghtly, that for the red (R) is a httle lower than for the others, but 
in the case of the white (AV) the slope is lower stilL The maxuna (asymptotic ) 
to which the curves have been computed are mdicated 

different colors, although the properties of the R curve compel the companson 
to remain quahtative 

The relative mean energy fluxes at the inflection pomts of the curves m 
Fig 2 are (/z, = 0 10) 

V - 5 063 
B - 5 971 
G - 5 334 

Y - 5 492 
R - 3 867 

(W - 5 950), 

and for W, at about the same , /t = 0 50, the number is 4 498 Fhcker 
exatation by the white is clearly of mtermediate efficiency 
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IV 

In comparing the general mtenaity levels of the flicker contours for different 
animals we have pointed out (Crooer and Wolf, lW0-41a) that, at tz, =» OJO 
(white light), when correction is made for the organism^s temperature there 13 
very Uttle difference between the flicker contours for the zebra finch and the 
turtle Pseiidemys {cf Crozier, Wolf, and Zerrahn Wolf, 1938-39, Croiier and 
Wolf, 193^M0) Smce the level of / is more responsive to changes in tz. with 
Pseudemys than with TamuJpyguij the turtle ii, ■» 0 10 curve would actually 
fall (for the same body temperature) at an intensity level below that for the 
zebra finch In our observationa with the house sparrow (i^jwrer dorrwhcus) 
the contour for =* 0 10 lies 0^ log umt below that for the zebra finch, about 
where the Fteudemys curve would be with the temperature correction Con 
sequently there is nothmg very mysterwua about the high flicker acuity of 
bods m general The relative ineffioenry of the red hght for the finch is thus 
all the more striking 

Before discussmg this, however, it may be pomted out that if it were mecham 
cally poesjble to extend the R contour m Fig. 2 by using sufficiently high in 
tensities the R curve would aoss the others, its asymptotic maximum being a 
Uttle higher In the human data Crozier a^ Wolf, 1941-42 6, c, etc ) 
the relative separation of the B and R curves is, of course, in general markedly 
greater at lower (“rod”) mtenaities than at higher — a mamfesution of the 
Puikmje effect while for test areas entirely within the fovea there Is practically 
no such effect The (theoretical) crosimg of the other curve* by the R m the 
data o( Fig 2 23 not exactly the sort of effect which has been in mmd in dis- 
cussions of this pomt for visually duplex birds {cj I^ashley, 1916, Laurens, 
1923, van Eck, 1939), but it suggests certam posaibAities for the investigation 
of Purkmje effects la the “cone” curves of other forms, where the crossing 
could conceivably be more extreme under certam conditions 

The differences between the flicker wavelength functions for man and 
Taenujpygta can be studied most simply by conaidenng the relative mag 
mtude* of the shifts m mean energies for activation of one half the potentially 
exatable flicker recogmtion elements, under such conditions that Fn« is 
about the same for each set. The filters used were the same. For the “cone” 
curves with man (Croxier and Wolf, 1941^26) B is more effective than V or G, 
whereas with the bird B is markedly less effective. With man the red u, 
on the TTipan energy flux basis, less effective than V or G, or than W In the 
bird, however, the R is very much less effective, while in keeping with the 
“average” quahty of white we find W and B about equivalent, and less effective 
than V, G, or Y, although more potent than R. The data on man used here 
refer particularly to tests with a 6° square teat field centered at the fovea 
(Crozier and Wolf, 1941—42 b) The order of wavelength effectiveness 1 $ the 
same for a quite field (0 6® square) within the fovea, as other expenmenta 



388 


FLICKER AND WAVELENGTH IN BIRDS 


have shown, but is modified m other parts of the retina and is to some extent a 
function of image area as well If instead of bemg put upon an energy basis 
the correspondmg data for bird and man are compared with mtensities on the 
scale for photometnc brightness, the red (like the white) is still relatively much 
less efiBae^t for the bird, the blue shghtly less, and the green shghtly more 
efibaent 

In m a kin g these comparisons several factors are, of course, not taken mto 
account The nature of the apparatus used rules out the necessity for an uris 
correction m the data on man, and the retinal area (absolute, and m relation to 
fuU-eye filummation) is not considered although it is different m the bird The 
fact that the curves of Fig 2 are symmetrical, together with the fact that 
</iog / IS so nearly the same for all wavelengths, shows that there is no ground 
for suspectmg that m the bird’s case there is any comphcation due to iris con- 
traction It would be remotely possible, of course, m view of the nature of 
the probability summation, to have the symmetry of the curve unaffected lE 
the uns openmg followed the same law, but m that case it could not be ex- 
pected that cFiog I woidd be mdependent of X The pomt can be tested with 
other birds m which the ins operung is more easily observed 

Of greater importance is the fact that m the two sets of measurements no 
corrections have been made for absorption of hght by the ocular media Al- 
though we cannot m any case expect mdications from determinations of thresh- 
olds to agree entirely with those given by the flicker contours, the close quahta- 
tive correspondence between the wavelength mtensity functions for responses 
m man, rat, pigeon, owl (cf Graham and Riggs, 1935, Laurens, 1923, Hamilton 
and Coleman, 1933, Graham, Kemp, and Riggs, 1935, Hecht and Pirenne, 
1940-41) suggests that no gross differences seem to exist m the absorptions of 
the several ocular media Smce, however, even the wavelength sensitivity 
function for the Ltmulus visual cell does not differ m any strikmg way (Graham 
and Harthne, 1934-35) the force of this conclusion may be questionable A 
full analysis of the significance of threshold effects is required before it can 
really be understood {cf Crozier, 1940 a) With respect to flicker it is fairly 
clear that differences between flicker contours are determmed by differences 
m numbers of umts activated as well as by differences m the average neural 
activities of smgle umts imder changed conditions Differences m ocular ab- 
sorption might be quite complexly mvolved m modification of these two factors, 
both as regards threshold effects or amounts of sensory action as well as flicker 

In comparmg the flicker contours for man and finch the relative meffiaency 
of the blue and the marked mefficiency of the red with the finch unmediately 
suggests a differential role of the cone pigment globules This can be tested 
The deduction is that reddish oil globules may here be scanty or even lackmg 
and that these cone globules m the finch may be predommantly greenish 
yellow For an account of the several retmal pigments, as found m the chicken. 



w j caoziEa and e, woit 


389 


Wald and Zussman, 1938 It has been suggested that m diurnal birds 
orange and reddish ^bules are usually found to he abundant (Sdiultse, 1S66, 
Hess, 1912, Henning, 1920, Erhard, 1924, BlSsser, 1936, van Eck, 1939), and 
that such birds are cnmparatively blind in the blue and violet. Certainly 
there is no evidence for anything of the latter sort in the present data. 

Our ophthalmoscopic observations of the zebra finch eye agree rather well 
with Wood’s account for members of the related Fnngfllidae (Wood, 1917, 
plate LIV) , the eyeground is bright blue-green gray, with bright dots, and with 
no differentiated red region. When the fresbty teased retina was viewed under 
the microscope it was found (after the conduaion of the flicker observations) 
that approximately 15 per cent of the oil ^obules were bright red, the re- 
mainder greenish, a few of the latter were blmsh green, some yellowish green, 
and a much smaller number definitely yellow The small proportion of reddish 
globules in this diumal bird represents a rather sharp difference from what has 
been customarily described, but is quite consistent with the deduction made 
from the properties of the flicker contours- It should be remarked also that 
the differentiation of the definitely red globules is qmte sharp m the case of the 
zebra finch, there being no orange globules. 

SDICUAJIV 

With bghts of different spectral compositions filtered from a white, the 
flirVoT response contours for the zebra finch are found to exhibit the same 
general kind of relationship between flicker exDtation and wavelength as is 
found m the case of man (“cone” contours), with the same filters. The flicker 
contours for the zebra finch are simplex, the retina contains no rods On a 
relative energy scale, with a flash cyde of fixed bght tune percentage (10 per 
cent) the curve for yellow almost coincides with that for the white, the curve 
for red lies at much hi^cr mtensities, and the curves for blue-green and violet 
fall below that for the white by amounts mcreasmg in that order The maxima 
to which the curves nse and the slope constants are very nearly the same 
for all the spectral regions. For the bird the blue was a httle less efficient, the 
green a httle more effiaent, and the red vesy much less effiaent than in the 
case of man It was deduced that In the retina of this diumal bird the number 
of red oil globules should be comparatively small anti that most of the gbbules 
should be greenish yellow This was confirmed by direct examination. 
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COUNTERACTING THE RETARBING AND INHIBITORY EFFECTS 
OF STRONG ULTRAVIOLET ON FUCUS EGGS BY 
WHITE LIGHT* 

By D M: WHITAKER 

{Prom ih6 Depcjtrrunt of Buflogy, Stanford Umterniy) 

(Received for publication, September 27, 1941) 

INTaODDCnON 

It has been shown that moderate dosages of unilateral ultraviolet light cause 
rhixolds to form on the non irradiated sides of Fucus eggs (Whitaker, 1941, 
Whitaker, 1942) Thus 50 ergs per mm.* of X 2537 A cause more than 98 
per cent of the eggs m a population to respond (Whitaker, 1942) Dosages 
of this order of magmtude have no appreoable effect on the developmental 
rate, but dosages of 20,000 to 50, OCX) ergp per mm.* very considerably retard 
and inhibit development (Whitaker, 1942) 

The addition of ^indole acetic aad to the medium after eggs have been irra 
dialed with 20,000-50,000 ergs per nun.* X 2537 A does not revive the eggs or 
cause them to recover from the retarding and inhiblUng effects of the ultra^ 
violet light If the sea water medium In which eggs arc strongly irradiated and 
then reared is addified from pH 8 0 to pH 6 0, the sensitivity of the eggs to the 
ultraviolet is decreased (Whitaker, 1942) The present expenmenta were 
undertaken to teat the effect of white li^^t upon the sensitivity of the eggs to 
strong dosages of ultraviolet 

MaUnal and Afclhod 

Fucus furcalus was collected at Moss Beach and at Pescadero Point, CalHomiai 
during the months of April May and June, 1941 Gametes were obtamed and fer 
tflited m a manner prcvioualy described (Whitaker, 1942 Whitaker 1936) Fil 
tcred sea water (specific gravity 1 025-1 027) at pH 7 9-8 1 was used as the medium 
throu^iout. The eggs were fertihrcd and reared In a constant temperature room 
at 15 ± 1/4*C and were shielded from all hght except the experimental exposures, 
and bnef exposures to dim red Ugbt 

The eggs were irradiated with ultravmlet hght m 4 dear fused quartz rectangular 
culture vessels 50 X 25 X IS rum. These vessels were made of polished stock 
1 mm. thick and they have good optical properties. The eggs were arranged on 
plate glass slabs within the quartz vessels so that they were in tno rows. One row 

• This work has been supported m part by funds granted by The Rockefeller 
Foundation 
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was above and behind the other so that there was no eclipsing, and eggs were at least 
5 egg diameters apart m the row The radiation passed through 9 ± 1 mm of sea 
water before reachmg the eggs 

A Westmghouse stenlamp was used as the source of ultraviolet It is a gas tube 
mercury resonance lamp, and more than 90 per cent of the radiant energy is of the 
wave-length 2537 A An appreaable amount of X1800 A is produced in the gas space, 
but almost all of this ozone producing frequency is absorbed m the corex glass tube 
of the lamp Small amounts of X3130 and 3660 A are emitted, as weU as dun visible 
hght of bluish color Practically no heat is produced The mtensity of ultraviolet 
wave-lengths shorter than 3200 A was measured by means of a Hanovia ultraviolet 
meter The mtensity of the lamp did not vary more than 6 per cent at most durmg 
a run Intensity measurements were made periodically durmg each run, and the 
duration of the exposure was adjusted to compensate for vanations m mtensity, to 
give the desired total dosage The egp were placed 6 inches from the tube of the 
stenlamp and the rate of apphcation of the ultraviolet energy to the eggs was ap- 
proximately 525-550 ergs per mm - per minute The absorption of the ultraviolet 
m passing through 9 mm of sea water to reach the eggs is mmor and has been neg- 
lected m calculatmg dosage The mid-pomt of the penod of exposure to ultra- 
violet occurred m all cases veiy nearly at 8 hours after fertilization The duration 
of the exposure to ultraviolet was very nearly 36 mmutes for 20,000 ergs, 66 minutes 
for 35,000 ergs, and 95 mmutes for 50,000 ergs 

Due to the delay m development caused by the ultraviolet it was necessary to 
extend observations over a number of days Therefore, m order to free the quartz 
vessels for startmg new experiments, after irradiation with ultraviolet the eggs 
were transferred on the glass slabs from the quartz vessels mto rectangular Petn 
dishes for reanng with or without white hght Although this transfer was earned 
out with great care, the eggs may have moved somewhat, and therefore httle con- 
sideration has been given m these experiments to the direction of rhizoid formation 
Incomplete evidence suggests that eggs do not necessanly form rhizoids on the sides 
away from strong doses of X2537 A 


RESULTS 

In the first senes of experiments, the eggs m bah the vessels were exposed to 
white hght from an ordinary frosted 75 watt bulb at 1 meter distance This 
exposure to white hght began immediately after termmation of the irradiation 
with ultraxnolet and transfer of the eggs to the Petri dishes, and contmued until 
the end of the experiment The same sides of the eggs were exposed to ultra- 
violet and to white hght, except for any movement of the eggs durmg transfer 
(see Method) The white light passed through a water cell, and a fan caused 
air to flow from the eggs toward the hght to minimize temperature effects 
The object of this first series of experiments was to see whether the white 
hght would to some extent revive the eggs or cause them to recover from the 
retardmg and inhibitory effects of the ultraviolet, when apphed only after 
termination of the ultraviolet treatment A part of the results is shown in 
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HOURS AFTER FCRTfUZATlOH 

Fig. 1 Typical results showing effect of white light hi accelerating ihizold forma 
tion after eggs have been exposed to retarding and mhSblthxg dosages of ultraviolet. 
The white light was turned on after tennmation of the ultraviolet treatment at about 
8.4 hours after fcrtdieation In the eggs rcceiv’ed 20 000 ergs per mm.* ultra 
violet 446 eggs were reared m the h^t and 393 m darkness. In B, the ultraviolet 
dosage was 35 000 ergs per mm.* 398 eggs were reared m the hght and 344 in darlr 
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Fig 1 Fig lA shows the results of a typical experiment m which 20,000 
ergs per mm ^ ultraviolet were apphed Two other similar experiments m- 
volvmg 201 and 300 eggs reared m the white hght, and 296 and 270 eggs reared 
m the dark, respectively, gave results very much hke those shown in Fig 1 A, 
but the differences between the rates of development m the white hght and m 
the dark were somewhat greater Fig 1 B shows the results of an experiment 
m which 35,000 ergs per mm ^ ultraviolet were apphed The retardation of 
development is greater m this case, but the effect of the white hght is very 
marked m reducmg the retardation Another similar experiment, mvolvmg 
320 eggs reared m the dark and 280 reared m the white hght, gave similar re- 
sults, although the effect of the white hght was not qmte so great After 
50,000 ergs per mm - ultraviolet, the developmental delay was very great 
Most of the eggs did not develop at all before cytohzmg some days after the 
irradiation with ultraviolet However, m two experiments with 50,000 ergs 
per mm - ultraviolet, more eggs formed rhizoids m the white hght than m the 
dark, and they formed them sooner 

It IS clear from these results that the rhizoids form much sooner m the white 
hght after the eggs have been exposed to ultraviolet However, it has already 
been shown that normal Fticiis eggs form rhizoids somewhat sooner m the hght 
than m the dark (Whitaker, 1936) In the present experiments it is therefore 
of mterest to find out how much acceleration of rhizoid formation can be attnb- 
uted to the effects of the white hght quite aside from the effects of ultraviolet 
For this purpose, m a second senes of experiments, eggs were lUummated with 
white hght from the 75 watt bulb at 1 meter distance beginning at 8 4 hours 
after fertilization and contmumg to the end of the experiment The white 
hght was also turned on at about 8 4 hours after fertilization m the first senes 
of experiments No ultraviolet was used m this second senes of experiments 
Two experunents were earned out, mvolvmg 4 vessels each, and the eggs m 
half the vessels served as dark controls The rhizoids formed sooner m the 
hght, but the speed up is not more than 2 5 hours at most, under these condi- 
tions The speed up m the hght is probably somewhat exaggerated as meas- 
ured, smee the hght came from one side and caused the rhizoids to form on 
the opposite sides of the eggs where they could be seen from above at the very 
earhest stages of formation In the two experiments, the tune at which 50 per 
cent of the population formed rhizoids was earher m the hght by 1 ^ hours in 
one case, and by 1 M hours m the other Half of the eggs had formed rhizoids 
m the dark at 16 hours after fertilization This acceleration is small compared 
with that caused by the white hght after strong dosages of ultraviolet 

A third series of experiments was undertaken to see if a strong white hght 
apphed durmg the tune of exposure to ultraviolet would exert a protective effect 
upon the eggs An ordmary 200 watt bulb was placed at a distance of 14 mches 
from the eggs m half the vessels The white hght passed through a water cell 
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to absorb heat, and the same aides ol the eggs received both the ultraviolet and 
the white light The white bght was turned on m all cases 4 minutes before the 
ultraviolet, but the ultraviolet and the white light were turned off at the same 
time* Thereafter the eggs developed m darkness except for bnef exposures to 
dun red bght to make counts. In two experiments the eggs were exposed to 
20^000 ergs per mm,* ultraviolet In both cases the exposure lasted 36 mm 
utca, its mid point occumng at 8 hours after fertilixation The results of one 
of these are shown m Fig 2 The results of the other, involving 200 eggs ex 



Fig. 2, Results of an experiment showing the protective effect of exposure to 
strong white bght durmg cxpOBUie to retarding ultraviolet (20 000 ergs per mm,*) 
Two vessek containing a total of 375 eggs were exposed to white light and ultra 
violet the averaged results arc shown with open circles. Two control vessels con 
taming 398 eggs were exposed to ultiaviokt only, the results are shown with solid 
aides, 

posed to white bght and 300 controls, arc essentially similar although the rate 
of rhixoid formation m the light was not quite so great. A third eipenmeat 
was earned out with 35,000 ergs per mm.* ultraviolet apphed during 66 minutes 
(33 imnntes on either side of 8 hours after fertibxation) The development 
was very greatly inhibited by the ultraviolet m this experiment, but at 170 
hours after fertilization, ihixoids hud formed on 7 per cent of 280 eggs that 
recerved white bght with the ultraviolet, and oal}^ per cent of 270 eggs that 
received ultraviolet only The concurrent white hght thus appears to reduce 
the inhibition as web as the retardation of rbuoid fonnation. 
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DISCUSSION 

From the results of the first senes of experiments (Fig 1), it is clear that white 
hght apphed after strong dosages of ultraviolet coimteracts the retardmg action 
of the ultraviolet on development to a very considerable extent Smce white 
hght tends to speed up the rate of rhizoid development m normal Fiicus eggs 
that have not been subjected to ultraviolet hght (Whitaker, 1936), it is of m- 
terest to compare the acceleratmg effect of white hght with and without ultra- 
violet treatment The results of the second senes of experiments show that 
the white hght does not speed up the rhizoid formation, m the absence of ultra- 
violet effects, more than about 2 5 hours at most, under the conditions of the 
experiments After eggs have been retarded by heavy dosages of ultraviolet, 
the white hght has a much greater acceleratmg effect than this, as may be seen 
in Fig 1 In Fig 1 B, for example, 20 per cent of the population reared m 
white hght formed rhizoids more than 100 hours before the same percentage of 
the population reared m the dark After the strongest dosages of ultraviolet 
(e g , 50,000 ergs per mm -), which completely inhibit rhizoid formation m most 
of the eggs, the white hght appears also to mcrease the percentage of eggs that 
form rhizoids before cylohzmg, although this effect is not as well established as 
the mcrease m rate of rhizoid formation 

The third senes of experiments shows that strong white hght shmmg on the 
eggs at the same tune they are receivmg heavy dosages of ultraviolet greatly 
protects the eggs from the retardmg and mhibitmg effects of the ultraviolet 
(Fig 2) This protective effect appears to be even more marked than the 
recovery effect shown m the first series of experiments, although the white hght 
was on so briefly that it cannot have had much of the type of effect shown m 
the second senes of experiments The white hght was turned on 4 mmutes 
earher than the ultraviolet, m the thud senes of experiments, so that photo- 
synthesis might be well established when the ultraviolet began to fall on the 
cells 

Until monochromatic bands or limited regions of the spectrum are tested, 
there is of course no basis for a defimte opinion about what frequencies are ef- 
fective or about the means of action of the white hght If the longer wave- 
lengths of the visible spectrum are effective, it rmght be supposed that photo- 
synthesis IS mvolved 

SUMMARY 

1 Strong dosages (20,000-50,000 ergp per mm -) of ultraviolet hght, predom- 
mantly of the wave-length 2537 A, greatly retard and inhibit the development 
of rhizoids m Fnctis eggs irradiated at about 8 hours after fertilization 

2 If white hght shmes on the eggs after the irradiation by ultraviolet is 
tennmated, the white hght causes a considerable degree of recovery from the 
retardmg and mhibitmg effects 
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3 If strong white light shines on the eggs during the ultraviolet irradiation, 
its effect IS even more marked m protecting the cells from the damagmg effects 
of the ultraviolet 

The author is mdebted to Mr W E Berg for assistance m carrying out the 
expenmenta, 
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T HE ACITVITV OF YEAST INVERTASE AS A FUNCTION OF OXIDA- 
TION REDUCTION POTENTIAL 
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oj Technology Cambndie) 

(Recaved for pubhcatoon, Sqptember 26, 1941) 

The activity of many enzymes is very appreciably modified by ondmng or 
redncmg agents Such enzymes as urease (Hellennan, 1939 , SUer and Tytell, 
1941), cathepsm and papam and papamlOte enzymes (Hellennan, 1937, 
Greenberg and WinnirJc, 1940), carbonic anhydrase (Kiese and Hastings, 1940), 
succmic dehydrogenase (Hlopkms, et al , 1938), tnosephosphate dehydrogenase 
(Rapkine, 1938), and glycerol oxidase (Barron, 1940) ore activated by reducing 
agents and inactivated by ondfzmg agents These effects have been inter- 
preted in terms of the configuration of thiol groups m the enzyme molecule, 
when the sulfur is in the reduced -SH form the enzyme is active, when in the 
oxidized SS- form the enzyme is inactive Fruton and Bergmann (1940) and 
Irvmg et al (1941) believe that the activation of papain and cathepsfn cannot 
be explained by this hypothesis, and state that activation is a two-step process 
involvmg the formatioa of an addition complex between the activator and the 
enzyme. Sizer and Tytell (1941) reported, m the case of crystalline urease, 
that activity is a contmuous function of oxidation reduction potential with an 
optimum activity at Efc =» -i-150mv and a gradual decrease m activity at lower 
as well as higher potentials It seems very important for the mterprctation of 
enzyme action to find out whether variation of enzyme activity with oxidation 
reduction potential is characteristic of other enzyme systems as welL Many 
enzyme systems do not appear to be sensitive to oxixiants or reductants, pos- 
sibly due to the presence of stablliiers accon^anying the enzyme {cf Irving 
ct al , 1941) or because of the greater stability of the enzyme molecule Suda 
an enzyme is yeast mvertase which, although relatively unaffected by weak 
oxidants or reductants (Ito and Obo, 1939), is inactivated by a wide vanety of 
other agents such as certain metal salts, I*, HNOi, phenylhydraxme (Myrbftck, 
1926), by mtrophenols, quinine, and its dcnvatives (Rona and Bach, 1921), 
anilme (Euler and Svanberg, 1921), alkaloids (Rona d al , 1924, Mezzadroh 
emd Amati, 1933), alcohols (Cohn and Chaudin, 1931), certam dyes and nar 
cotics (Baur, 1939), ascorbic add (Klodmtskaya and Stiachiskii, 1938) Using 

• Contributioii No 194 from the Department of Biology and Public Health, 
Massachusetts Institute of Technology Cambridge, Massachusetts. 
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this enz3Tiie as an example of those not affected by mild oxidants or reductants, 
a S3^tematic study of the relationship of mvertase activity to oxidation-reduc- 
tion potential has been made 


Methods 

The kinetics of the yeast invertase-sucrose system were studied by measuring 
the amount of mvert sugar hberated dimng the hydrolysis, by u tilizin g for this 
purpose Sumner’s dmitrosahcyhc aad reagent for reducmg sugars (Sumner, 1925, 
Sumner and Howell, 1935), which has been found satisfactory for mvertase studies 
(Sizer, 1938 a, 1938 b) Usmg this technique it was found that the reaction follows 
a smooth curvihnear course, and that the reaction is unimolecular for the first third 
of the mversion (Sizer, 1938 a, 1938 6) In view of the unif orm kmetics durmg 
the early portion of the mversion, the amount of mvert sugar hberated m a given 
time can be taken as a measure of rate In preliminary experiments the 2 mmute 
determmation of mvert sugar was subtracted from the 10 mmute one If the 2 
mmute determmation was neglected, however, the results were relatively the same, 
so m all subsequent experiments duphcate samples of the digest were taken for 
the analysis of mvert sugar after the mversion had proceeded for 10 minutes 

A number of samples of commeraal mvertase (Digestive Ferments Co , Waller- 
stem Laboratories) was used as well as fresh and powdered bakers’ yeast (Fleisch- 
mann) and brewers’ top yeast (Haffenreffer), and several mvertase preparations of 
varymg degrees of punty prepared from bakers’ yeast accordmg to Lutz and Nelson 
(1934) In all cases the mvertase was dissolved m distilled water and diluted to 
such a concentration that it would hberate 10-20 mg mvert sugar per mk at 30 ± 
0 01°C m 10 mmutes 1 ml of the enzyme solution was added to 1 ml oxidant 
or reductant (usually 0 1 it) and mcubated for 5 mmutes To this solution were 
then added 8 ml 6 per cent sucrose dissolved m phthalate buffer, pH 4 6 (optimum 
pH for mvertase) After the 10 mmute mversion penod duphcate samples were 
taken, and the amount of reducmg sugars was determmed colonmetncally after 
treatment with the dmitrosahcyhc aad reagent In all prehmmary experiments 
the Duboscq colorimeter was used, but smce more quantitative data could be ob- 
tamed with the Spekker photoelectnc absorptiometer, aU subsequent work was done 
usmg tbm mstrument The number 6 hght blue filter (maximum transmission at 
X = 4810 A^) was used The standard solution contamed 20 mg glucose and was 
treated m the same manner as the experimental solutions 

The addition of the enz3mie plus oxidant or reductant to the sucrose solution did 
not appreaably modify the pH of the solution which was 4 63 ± 0 03 m aU cases 
except for the solution containmg thioglycolhc acid where the pH was 4 24 A con- 
trol which contamed distdled water mstead of the oxidant or reductant was run 
with every five experimental tubes, and the activity of the mvertase m the presence 
of oxidant or reductant was expressed as a percentage of the control 

The oxidation-reduction potential of the digest was measured at room temperature 
after the 10 mmute mversion usmg the Beckman pH-^E* meter The Eh of the so- 
lutions contammg NaoSjOi or KilnOi was unstable and was measured immediately 


1 Xleasured with the Hardy recordmg photoelectnc spectrophotometer 
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oa duplicate digest* matead of after the 10 minute interval Solutions of the un 
stable oxidants or reductanta •were freshly prepared just before use* 

Experimental and RetuUs 

Reaction rate was measured by the amount of invert sugar formed m 10 
mmutea, and was expressed as a percentage of the rate of the control, which con 
tamed distilled water instead of oxidant or reductant- A search was made for 
oxidants or reductants suitable for poismg the system at the desired oxidation 
reduction potential In moat cases these compounds could be used m a fim.] 
concentration of 0 01 u without exerting any effect which mi^t be ascribed to 
the concentration of salt employed More dilute solutions than this of KMnO* 
and I KI had to be used m order to avoid inhibiting effects related to conceu 
tration. Prclnmnaiy expenments on commeraaJ invertasc samples using the 
Duboscq colomneter mdicated that there was httle effect upon mvertase ac 
tivity of changmg the E\ of the digest from •— 270 to -}-(500 mv , but above 
+600 mv the activity decreased rapidly 

Quantitative studies, usmg the photocicctnc absorptiomcter for the cobn 
metric determination of reducing sugar, were made on Walleratem's red label in 
vertase scales, usmg fifteen different oxidmng or reducing solutions to poise the 
oxidation reduction potential of the digest m the range from —270 to +1,000 
mv The activity of mvertase m the presence of each of these solutionswas 
meaured on 10 different days and an average of the data on each solution was 
tn.ltwn. The average activity was then plotted against the average oxidation 
reduction potential as shown m Fig 1 Despite the appreciable scatter of the 
pomts, it is apparent that mvertase activity is independent of £* up to +400 
mv , above which the activity falls sharply rcachmg 0 at =• 1,000 mv The 
pomts for mvertase plus HrPt asbestos or 0 01 ir NatSjOi are probably not sig 
nificantly below the curve, smee m many of the mdrvidual experiments the 
correspondmg activities were 100 per cent The pomt for mvertase plus 
0 00001 u I Kljia very low, this may be related to a toxic os well os an oxidizmg 
effect of lodme 

A number of different samples of commerezoi mvertase were then studied to 
determme the relationship of the JEi'ectivity curve to the punty, source, and 
method of preparation of the enzyme. Difco hquid invertasc, Wallerstem’s 
blue label, green label, and liquid mvertase preparations were used. The data 
with all four commercial samples are very similar, so only one charactenstic 
curve IS presented m Fig 2 (curve A) The curve is very similar to that of 
Fig 1, mdicating a constant activity over the range from — 270 to +400 mv 
and a rapid decrease m activity above +400 mv 

ExpenmenU mlh Highly Punfied Imxriare 

From the precedmg expenments with different commercial preparations of 
mvertase it appears t^t the activity curve is independent of the source and 
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t 3 ^e of preparation used Smce these samples of mvertase may contam 
natural activators or stabilizers, the j^A-activlty curve could be explained m 



Eh (mv) 


Fig I Per cent mvertase activity IS plotted as a function of the oxidation-reduction 

potential of the digest The digest contamed 0 005 per cent Wallerstein’s red label 
mvertase, 5 per cent sucrose, phthalate buffer pH 4 6, and one of the followmg 

1 Ha + Pt asbestos 9 0 01 at KaCrzO? 

2 0 01 M Na 2 S 204 10 0 01 u HjOa 

3 0 001 M Na2S204 11 0 00001 u I-EH 

4 0 01 II cysteme 12 0 0001 ii I-KJ 

5 0 01 At thioglycolhc aad 13 0 001 ai I-KI 

6 Water 14 0 00001 ai KMn 04 

7 0 01 AI K4Fe(CN)6 15 0 0001 ai KMn04 

S 0 01 AI K3Fe(CN)e 16 0 001 ai KMn04 

terms of the effects of the oxidants or reductants on such unpunties rather than 
on the mvertase itself With unpure papam (Irvmg, el al , 1941) and impure 
urease (Sizer and Tytell, 1941) such contaminants have been shown to be im- 
portant m activation-mactivation phenomena In view of this evidence it 
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Fio, 2 Per cent Invcrtase acbvity is pbtted agamat the oxidation reduction 
potential of the digest. The numben refer to the some oxidants or reductanta as 
mFig.1 Different invertasc preparabons were used for each curve. A, WaUerstcin 
green label mvertase. B fresh Fleischmann's baken* ycasL C, dried, powdered 
Fleischmann^B bafceiB yeast D, ffltrate of toluene autolysate of yeast £ kaolin 
eluate of mvertase prepared according to LuU and Nelson- F, dialyzed (NHOtSOi 
filtrate of highly purified mvertase prepared acairdmg to LuU and Nclsou. 

seemed advisable to determine the possible r6Ie of contaminants by studying 
the ^-activity curve of mvertase os a function of en^mie punty 
For impure Invertose use was nmde of untreated fresh and powdered bakers' 
yeast. In the former practically 100 per cent of the yeast cells were alive (as 
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determined by the differential methylene blue stammg techmque, Nelson, 
et al , 1932), while m the dried yeast about 2/3 of the cells were dead The 
correspondmg E^-activity curves for these two sources of mvertase are shown 
m Fig 2, curves B and C The curves are similar to those for commercial m- 
vertase, although the break seems to occur at a somewhat higher Ej, The 
question arises m the case of the fresh yeast as to whether or not the action of 
the reagent on the enzyme inside the ceU is preceded by the death of the cell 
Experiments on this problem mdicated that only m the presence of KMnOi and 
I-ET, is the mortahty of the cells appreciable m a period of 15 min utes Ex- 
periments were also performed on brewers’ yeast and it was found that the 
EA-actmty curve was very similar to that for bakers’ yeast 
Invertase was prepared from bakers’ yeast- by the method of Lutz and 
Nelson (1934) By this method a 500-fold mcrease m activity above that of 
the ongmal toluene autolysate was obtamed At each step m the purification 
samples of the mvertase were taken m order to deter min e how the EA-actmty 
curve changed as the purity of the enzyme mcreased Only three t 3 rpical 
curves for yeast mvertase m three different stages of purification are shown in 
Fig 2, curve D is for the filtrate obtamed after autolysis of the yeast with 
toluene, curve E for the eluate after kaohn absorption, curve F for the filtrate 
after saturation with (NH 4 ) 2 S 04 and dialysis AH the curves are very similar 
with no change m activity between —270 and -1-600 mv , above the latter the 
activity falls rapidly becoming 0 at JEa = -h 1,000 mv The most highly pun- 
fied preparations seemed somewhat less stable, and were shghtly mactivated 
by the 0 01 m Na2S20i The fact that the EA-actmty curve is essentially 
mdependent of mvertase punty makes it seem unhkely that the curve can 
be explamed m terms of effects on natural activators, stabfiizers, or inhibitors 
which accompany the mvertase This conclusion must be accepted with 
caution smce pure crystaUme mvertase was not used, and smce it is not im- 
possible that durmg the purification of mvertase these substances possibly 
concerned with the EA-activity curve mamtamed their same relative con- 
centrations 


Other Oxidizing or Reducing Compounds 

Oxidizmg or reducmg agents cannot be used mdiscnminately to poise the 
mvertase system, smce some of them have a specific toxic action m addition 
to Eh effects In this category are such substances as Br 2 , Na 2 S, FeCb, ascorbic 
acid, and lodoacetic acid On the other hand many other compounds prove 
qmte satisfactory and the typical EA-actmty curve can be obtained when they 
are used to poise the digest (Fig 3, curve A) 

- The author wishes to acknowledge the assistance of IVIr Herbert Jaffe in the 
purification of the invertase 
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Fio 3 Per cent invertase activity is plotted against the ozidation reduction 
potential of the digest 

Curve A. invertase punfied according to Luts and Nelson The oxidants or 
leductants axe the same as m Fig 1 plus the following 

17 0 1 saturated H,S 23 0 01 u KCNS 

18 0 01 u methionine 24« 0 01 u KCN 

19 0 01 u glutathione 25 Saturated qoinone 

20 0 01 u CeCU 26 Saturated cystine 

21 0 01 u FeClj 27 0 01 ii NajSe04 

22 0 01 M NajSeCH 28 0 01 u CrO* 

29 0 00001 ii Ba(MnO0i 

Curve B 0 008 per cent WaUcrstcin red label invertase. The oxidant or reductant 
was added to the eniyme, then removed by dialysis before the sucrose solution was 
added Symbols are the same as in Fig. 1 the ordinate scale is on the light 

Curve C 0 008 per cent WaHetstem red label invertase, 5 per cent sucrofc plus 
one of the following 

1 HrPt asbestos 5 0 0001 u KMn04 + 0 0009 KUFeCCN)# 

2 0 01 u thioglycoUic aad 6 0 0001 u KHn04 + 0 0007 K4Fe(CN)« 

3 Water 7 0 0001 ji Kiln04 + 0 0004 K4Fc(CN)i 

4. 0 01 u K4Fe(CN)i 8 0 0001 si OIn04 
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Do Eh Changes Act upon the Enzyme or Substrate? 

The oxidant or reductant was mcubated with the invertase for 5 minutes, 
the solution then placed m a cellophane sausage casmg (Central Scientific Co ), 
and the oxidant or reductant removed by dialyzmg for 1 hour under turbulent 
tap water (chemical tests showed this time to be sufficient for the removal of 
these substances) The mvertase activity of the solution was then measured 
m the usual m a nn er (Fig 3, curve B) This curve is very similar to the others, 
and mdicates that the oxidant or reductant acts solely on the en 2 yme, not on 
its substrate 


TABLE I 


Activity of invertase after treatment with oxidizing agents, followed by dialysis Plati- 
nized asbestos was then added to all the enzyme solubons and the mvertase acbvity was deter- 
mmed with and without the addibon of hydrogen 


Oxidant 

Hydrogen added 

Invertase activity 

Water, control 

No 

fer cent 

100 

0 0001 M EMnO<i 

No 

6 

(( « H 

Yes 

6 

0 0001 M I-KI 

1 No 

0 

t( (t (t 

1 Yes 

0 

0 01 M K J’e(CN)a 

No 

84 

it <t 

Yes 

62 

0 01 M KiCrzOr 

No 

84 

(t if a 

Yes 

91 

0 01 SI H 2 O 2 

No 

84 

f£ t( ft 

Yes 

85 


Reverstbtltty of the Inhtbtttng Action of Oxidants 

It IS apparent from Fig 3, curve B, that the effects of omdizmg agents are 
not readily reversible, smce the mvertase did not regam its activity after these 
inhibitors were removed by dialysis The problem of reactivation was also 
studied by bubbhng Ha (activated by platinized asbestos) into the mvertase 
solution freed of oxidants by dialysis By reducmg the Eh to a low value it 
seemed possible that reactivation might be effected Exa min ation of Table I, 
however, reveals that no reactivation was obtamed by this method Reactiva- 
tion was also attempted by addmg the reducing agents, NajSzOi, NaaSoOs, 
and KjFe(CN)6, to the mvertase which had been mcubated for 5 mmutes 
with the oxidant Although the oxidant was not previously removed, the 
addition of the reducmg agent brought about a marked fall mEh In the series 
of studies made on the reversal by reductants of mvertase mactivation by each 
of the oxidants there was httle or no reactivation It appears from this m- 
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veatigatioQ that the inactivatioa o£ invcrtase by oxidants is essentially ir 
reversible 


Toxictiy of Oxtdanis 

The inactivation of invertase by oxidants may be due to their high oxidation 
reduction potential or may be caused by a specific toxiaty of the oxidant un 
related to £* The fit of pomti obtained with different ondants to a smgle 
smooth curve (Figs. l-*3) may be taken as evidence of the former hypothesis. 
Additional evidence on this problem can be obtained by a reductant 

(KiFe(CN)fl, NatSiOj, and Na»St 04 were used) to the various oxidants before 
adding the enaymcj thereby brmging about a corresponding fall m ^ Since 
the concentration of the oxidant is held aiostant m all these experiments, it 
may be argued that any observed mcrease m activity (as compared with the 
activity m the presence of oxidant alone) must be due to the fall m potenbaL 
From this it follows that the original effect of the oxidant could be attributed to 
the high and not to a speofic toxic action unrelated to ^ A typical ex 
perunent to Illustrate this pomt is shown m Fig 3, curve C, where oddmg m 
creasing amounts of ferrocyamde to a permanganate solution effects a cor 
respondmg deaease m £*, and on mcrease m the activity of the mvertase sub- 
sequently added to the mixture. These results cannot be explained on the 
ba^ that the addition of ferrocyamde has caused the disappearance of the 
“toxic*’ MnOi** ions, because chemical analysis indicates that the majority of 
the MnOr ions are stHl present in the solution 

Essentially simiUr results to those with KMn 04 were obtained for I KT, 
KjCri 07 , HjOj, and KjFc(CN)», for when K 4 Fe(CN)i, NaaSjOa, or NaaSjOi were 
added to the oxidant before the mvertase was added, the expected mcreosed 
activity was obtained in most cases. These results suggest that the mhibitmg 
action of oxidants on mvertase is primarily related to their high oxidation 
reduction potentials rather than to a ^lecific toxiaty unrelated to their ondiz 
mg powers. 


msctrasioN 

It a apparent from tha mvestlgation that mvertase is a stable enzyme over 
a wide range of oxidation reduction potential, but loses its activity m strong 
oiidiimg solutions It might be thought that the inactivatmg action of such 
oxidixmg solutions a analogous to the more violent conditioia characteristic 
of the oxidative degradation of proteins used m total nitrogen determinations. 
Such a apparently not the case, however, since the dilute 0 01 M solutions of 
oxidants acting for only 15 mmutes at 25®C brou^t about no apparent protem 
degradation While this oxidative degradation of mvertase by ondants 
seems to be ruled out, other explanations of their action can be suggested 
An explanation m terms of changes m substituent sulfur groupings in the 
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enzyme is unlik ely smce free thiol groups can usually be oxidized at lower po- 
tentials than those reqmred to inactivate invertase (Hellerman, 1939, Sizer 
and TyteU, 1941) Strong oxidants might react with constituent ammo acids 
of mvertase such as t3rrosme, tryptophane, or histidme and m this way m- 
activate the enzyme This would be analogous to pepsm mactivation by the 
lodmation of tiyrosme m the pepsm molecule (Hemott, 1937) Another 
plausible explanation for mvertase mactivation by oxidants is that these 
agents act by denaturmg the protem enzyme Northrop (1939) has shown 
that denaturation of certam proteases is always accompamed by loss m enzyme 
activity Reducmg agents apparently do not denature proteins (Mirsky, 
1938), but the denaturation of proteins by oxidants has not yet been sufficiently 
studied to state whether or not this mechanism is hkely 

SUMMARY 

The activity of yeast mvertase as a function of oxidation-reduction po- 
tential has been mvestigated usmg a large number of oxidants and reductants 
The activity is constant over the range of JSa from —270 to -|-600 mv, but 
above JSa = +600 mv there is a sharp decrease m activity reachmg 0 at -Ea = 
+ 1,000 mv The inhibitmg action of strong oxidants is upon the enzyme 
rather than on the substrate and appears to be essentially irreversible Ex- 
periments mdicate that the inhi biting action of strong oxidants on mvertase is 
primarily related to them high oxidation-reduction potential rather than to 
a specific toxic action unrelated to £a The effects of oxidation-reduction 
potential upon mvertase activity are mdependent of the purity of the enzyme, 
smce they are the same for commercial mvertases, fresh bakers’ yeast, powdered 
bakers’ yeast, brewers’ yeast, and highly punfied mvertase Possible mecha- 
nisms mvolved m the mactivation of mvertase by oxidants are discussed 
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THE STRUCTURE OF THE COLLODION MEMBRANE AND ITS 
ELECTRICAL BEHAVIOR 

HL The Base ExcHAiiCE pEOPEanEs op Collodion 

Bv KARL SOLLNER, CHARLES W CARR, aotj IRVING ABRAMS 
{Prom the Departrneni of Pkysiologyt Untvcrstty of Mtnnewta, Mumeapoiis) 

(Recaved for publication, October 18, 1941) 

I 

In preceding papers^"* it was shown that electrochenucal behavior of collodion 
membranes (at least m solutions of strong, weakly adsorbable electrolytes) is 
due to the presence of aadic impunties in the collodion Highly purified preps, 
rations exhibit only low electrochemical activity (os measured by concentration 
potentials, anomalous osmosis, etc.), and in our opinion, even this low activity 
IS due to traces of aadic impunties, the ideal pure mtrocellulo&e should, m 
solutions of strong, weakly adsorbable electrolytes, be void of any distmct 
electrochemical actmty It was farther pointed out that the charge density 
at the collodion-solution mterface is the ultimate detennmmg factor This 
general concept was actually used some tune ago m some very intcrestmg 
attempts to put the theory of clectrodieimcal membrane behavior on a quonti 
tative basis (Teorell,* Meyer and Siever^ 

Wc came to the conclusion that a study of the base exchange capaaty of 
the coEodion-solution interfaces would be the best method of obtaining perti 
nent quantitative data to test these theories The base exchange capaaty 
of a given substance is defined as the maximujn cation exchange which can take 
place between a base exchange body and on electrolyte solutiom The base 
exchange capaaty of a given mterface should be the lumtmg value of the pos- 
sible charge density The actual effective charge density would be the product 
of the base exchange capaaty and the degree of dissociation (or a similar 
function) 

In the present paper wc shall attempt to determme whether or not a quant! 

* SoUner, K- and Abrams, L, J Gen PhynoL 1940, 24, 1 

*SolInci, K- Abrams L and Carr, C. W , J Gtn FAyrwk, 1941, 24, 467 

* SoUner, K. Abrams L and Carr, C W , / Con Phystol 1941 25, 7 

*Tcorell, R Proc Soc Exp Btol and Med 1935 33,282 

‘ Meyer E- H., and Severs J F , SeUt, Cktvu Ada, 1936, 19, 649, Meyer K- H , 
Tr Faraday Soc , 1937, 33, 1073 
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tative correlation exists between base exchange capaaty of collodion and its 
electrochemical “activity” as defined m previous papers ^ » A quantitative 
evaluation of these and other data and an attempt to correlate them to the 
above mentioned quantitative theories will be the subject of a subsequent 
pubhcation 


n 

Little attention has previously been paid to this problem Beutner, Caplan, 
and Loehr® earned out experiments with “Celloidm” (Schermg), a brand of 
coUodion which exhibits unusually high electrochemical activity^"® They 
measured the titratable aadity of distilled water and 01 m potassium chloride 
solution mto which equal numbers of cubes cut from commercial “CeUoidm” 
gel had been placed and shaken for 48 hours They found that both the 
water and potassium chloride solution became acid The titratable aadity 
after this penod of shaking with collodion m the case of the water was m most 
cases two thirds as great as with the potassium chlonde solution These 
workers also roughly estimated the pH of the same solutions by mdicator 
methods and concluded that the electrolyte solution became more aad than did 
the distiUed water, the former had a pH of about 3 8, and the latter, 4 8 Beut- 
ner, Caplan, and Loehr conclude that this differential effect determines the 
electrochermcal activity of collodion 

Wilbrandt,^ repeatmg the experiments of Beutner, Caplan, and Loehr, could 
confirm the acidulation He attributes it to the presence of mtne acid due to 
the hydrolysis of the collodion However, Wilbrandt did not perform any 
quantitative measurements, moveover, ins analytical method is open to ent- 
icism, the diphenylamme test used not bemg specific for nitric acid 

Meyer and Sievers,® acceptmg the results of Beutner, Caplan, and Loehr, 
quote them m corroboration of their theory 

In addition, several studies on the base exchange properties of cellulose 
appear m the techmeal hterature ® A discussion of this material, however, 
IS outside the scope of this paper, considermg the restneted bearmg upon our 
problem The differences between cellulose and mtrocellulose are too great 
to allow a ready comparison 


m 

Base exchange experiments are usually earned out m the foUowmg marmer 
Fnst the matenal to be mvestigated for its base exchange properties is brought 
mto as well defined a chemical state as possible by saturatmg it with cations 

® Beutner, R , Caplan, M , and Loehr, W M , / Btol Chem , 1933, 101, 391 
Wilbrandt, W , J Gen Physwl , 1935, 18, 933 
® Meyer, K H , and Sievers, J -F , Helv Chun Acta, 1936, 19, 665 
® See, e g , Schwalbe, C G , and Becker, E , Ber chem Ges , 1921, 64, 545 
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of a single kind- This can be done m different ways The sample may be 
treated with an electrolyte solution, e,g , sodium chlonde, until all ions capable 
of exchange are replaced by sodium- Usually it is preferable to use a solution 
of aad (hydiochbnc acid), as m this case the necessary subsequent washing 
docs not cause any comphcations due to hydrolysis which occur if salts are 
used Electrodialyais also causes replacement of all other cations by hydrogen 
ions We shall discuss soldy hydrogen ion saturated matenaL 

Known quantities of such material are brought mto contact with a neutral 
salt solution The hydrogen ions from the exchange body are replaced by the 
other cations m solution and the latter becomes aad. The quantity of ti 
tratable hydrogen ion m the supernatant solution represents the base exchange 
when no comphcating reactions occur It can be measured either by direct 
titration or by determining the hydrogen ion concentration with some physical 
method c g , the glass electrode The two results should check withm the 
limits of eipienmental error If necessary one takes mto account sudi correc 
tion factors as the carbon dioxide present and the activity (degree of dissocia 
tion) of the electrolyte solutions Any suable disagreement between the re- 
sults of the two methods vi ould indicate definitely that one is not dealing solely 
with true base exchange. The treatment with salt solution is, if necessary, re 
peated until (practically) complete exchange is achieved Often a single treat- 
ment IS sufflaent amce the salt is usually present m great excess so that the 
hydrogen ion is replaced nearly completely, even by weakly adaorbable cations 

If shaken with pure water, an ideal base exchange body saturated with 
h> drogen ions does not react at alL If it behaves differently, one is not dealing 
with a base exchange phenomenon but with Bomething different, most likely 
solubihty 

Base exchange is a very fast process provided the surfaces to be tested are 
easily accessible. If inner surfaces of the exchange body are accesaible only 
with difficulty or if a diffusion throu^ the solid substance of the base exchange 
body mnbfa itself felt, the process may require a long time for completion 
Attention should be called to the fact that collodion membranes show their 
charactensUc electrochemical properties practically instantaneously on contact 
with salt solutions. 

It 13 obvious from the data quoted earUer that the conditions of the expen 
ments of Beutner, Caplan, and Loehr* did not permit measurements of the 
true base exchange capaaty of collodion This is apparent from (1) the occur 
rence of large titration values for water which was m contact with their 
collodion and (2) the disagreement between the titration and pH values. The 
calculated pH values for the experiments quoted above are about 3 0 for the 
potassium chlonde solution and 3 1 for the water This compares with ex 
penmental values of 3.8 for the potassium chloride solution and 4.8 for water 
reported for a sunBar experiment by the same authors (see above) 
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IV 

In approaching our expenmental problem, we first repeated the experiments 
of Beutner, Caplan, and Loehr usmg Schermg-Kahlbaum “Celloidm” “for 
general use ” We obtamed expenmental data very similar to theirs (Our 
expenmental figures are given below as cases 7 a and 7 5m Table II ) 

For a more thorough mvestigation, it was necessary to study a great vanety 
of collodion preparations of different ongm and varymg electrochemical ac- 
tivity We have mvestigated several American and some foreign brands of 
coUodion m the ongmal state and after purification, and m addition, oxidized 
(“activated”) coUodion^ and crude mtroceUulose The behavior of these 
materials was studied before and after special purification processes In order 
to obtam data which can be compared mteUigently, it was necessary to study 
the different coUodion preparations m as nearly the same physical and chemical 
state as possible 

Uniformity of the physical state was achieved by allowmg dilute collodion 
solutions to drip, under standardized experimental conditions, mto a great 
excess of vigorously stirred distdled water m which it is precipitated immedi- 
ately The fibrous products so obtamed were washed superficially and dried 
The precipitated material, of course, shows certam differences as to fiber length, 
aggregation of fibers, etc , accordmg to the different molecular weights of the 
different preparations’® The material precipitated from solution gives a 
large surface for possible base exchange, certamly not smaller than the same 
weight of collodion m the form of membranes 

The ideal chemical state would require that all the acid groups m the col- 
lodion should be present m the free acid state, i e , saturated with hydrogen 
ions The extent to which this condition is fulfilled with our different collodion 
preparations is difficult to state exactly In their manufacture they certamly 
have undergone a most thorough acid treatment Nevertheless, they aU 
contam some ash, though mostly m rather mmute amounts This ash is not 
composed of basic matenal only, it always contams some sulfate which was 
mtroduced m the mamifacturmg process In the collodion, the sulfate is prob- 
ably present partially m the semi-esterified form, partially m the free, uncom- 
bmed state, the latter form bemg prevalent m crude (not thoroughly purified) 
coUodion If present as an acid ester, it contnbutes to the true acidity of the 
coUodion, the uncombmed fraction is present as mechamcaUy admixed im- 
purity, partiaUyor entirely combmed with some of the bases A correspondmg 
quantity of acid and base would thus be neutralized, neutralized also m their 
effect on the apparent base exchange properties of the coUodion It is very 
difficult to remove the last traces of these impunties, but, as shown previously,® 
a large fraction can be extracted without senously affectmg the electrochermcal 
activity of the coUodion One must also consider the fact that the impunties 
are distnbuted throughout the mass of the coUodion, only a smaU fraction 
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could he in the interfacea, where they might affect the electrochemical b&- 
havior Moreover, water soluble, not strongly adsorbable unpunties, c g , 
moigamt ions can readily be washed off the collodion surfaces by treatment 
with water The possible error in our base exchange expenments which could 
be due to the ash and solfete content is insignificant, as will become apparent 

It 13 important to emphasize here that our exchange studies were earned out 
not with the native or purified fibers, but with freshly prepared fibrous material, 
obtained by dissolving our preparationa m ether alcohol and preapitatiug m 
distilled water This was done with all samples unless otherwise indicated 
This procedure assures one that only surfaces corresponding m their com 
position to the properties of mass of the collodion ore studied Without it, 
the experiments would be subject to the objection that surfaces were studied 
which had undergone a speciai treatment and thus are not representative of 
the collodion With membranes, of course, one is always dealing with surfaces 
ongmating from dissolved material The collodion surfaces used for the base 
exchange studies were, in this respect, analogous to those which occur in mem 
branes cast from the same collodion solutions 

The exchange properties of the preapitated fibers were found to be the same, 
whether used with or without drymg For the sake of convenience, we used 
dned“ matenal In most cases. 

The ceminerexai colhdum preperatums which we used m this work were 
preapitated from ether-alcohol solutions without any special purifying 
operations 

Most of the pTcparaixom wfacJi we punjied ourselves were treated with 60 
per cent acetic aad or alcohol water mixtures, as mdicated m Table H, column 
1 Great care was always taken to prevent the uptake of cations by using 
double distilled water 

The ‘oxidised" ccUodion was prepared from a pure commercial preparation 
by immersion for 24 hours in a sodium hypobromite solution, prepared by 
adding to molar sodium hydroxide solution enough bromine to adjust the pH 
to about 7 as described previously ’ The oxidized product was washed with 
water, dilute hydrochloric aad, and agam, very thorou^y with double dis- 
tilled water The ash (and sulfate) content of properly purified oxidized 
collodion IS very low, lower than that of the original material Low molecular 
weight decomposition products ongmatmg from the oxidation process ore also 
removed by the indicated treatment. For some of our experiments, this 
oxidized collodion was further purified by repeated wathmgs with aqueous 
alcohol We may odd here that oxidized collodion prepared by immersion m 
sodium hydroxide* behaves substantially the same as collodion oxidized with 
hypobromite. However, it is somewhat more difficult to free of low molecular 

That dned collodion must bo handled with due care was pomted out previously 
(Sollnex K-, Abrams L and Ctir C. W , / Ctn Pkynd ,1941 26, 7) 
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weight decomposition products on. account of the stronger degradation associ- 
ated with the alkalme treatment 

The samples of crude nitrocellulose listed m the tables, as well as several 
others which are not listed, were obtamed through the courtesy of the Monsanto 
Cheimcal Company, Plastics Division “ Accordmg to the mformation re- 
ceived, they were taken from the manufacturmg process at the end of the 
washmg to el imin ate free acid, but before the purification steps mtended to 
remove sulfuric esters and other impurities The samples of crude material 
listed m Tables I and H are representative for crude collodion, several other 
lots which we have tested had very similar properties Sample A was received 
wet with alcohol, havmg been washed several times with 95 per cent alcohol 
Sample B was obtamed m the water wet state The combmed effect of proper 
purification operations, such as borhng with water and boihng or repeated 
washmg with alcohol of smtable concentration, allows one to prepare from 
sample B a product which is practically identical m its properties with sample 
A In the same way, any desired degree of purity, base exchange capacity, 
and activity can be obtamed with material from either batch at will Several 
samples treated m the described manner are hsted m Table 11 Of course, 
each batch of crude collodion is slightly different as to ash and sulfate content, 
base exchange properties, and activity, accordmg to the moment at which it 
was withdrawn from the regular manufacturmg process 

V 

Smee the experiments of Beutner, Caplan, and Loehr® mdicate that at least 
some collodions do not show simple, true base exchange, each preparation was 
studied not only with an electrolyte solution but also with distilled water 

The electrolyte chosen was 0 5 u potassium chlonde after we had estabhshed the 
fact that the electrolyte concentration is rather ununportant, provided it is not too 
low All water used was double distilled and reasonably free from carbon dioxide 
(pH >6 5) The salt solutions used m all our expenments showed pH values from 
6 5 to 7 before the experiment, as measured with a Leeds and Northrup glass elec- 
trode 

All expenments were earned out m Pyrex Erlenmeyer flasks with glass stoppers 
which were properly steamed and aged before use Water and potassium chlonde 


We are greatly mdebted to the Monsanto Chemical Company for these samples, 
particularly to Mr H K Nason, Assistant Director of Research, to whom we would 
also like to express our speaal thanks for very valuable mformation on crude nitro- 
cellulose 

Smee we have a large sample of crude water-wet nitrocellulose on hand, we shall 
be glad to place samples of this matenal at the disposal of other mterested mvesti- 
gators as long as our supply remams 
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fiolutionfl kept in them for several days did not show any detectable change in pH 
(6 5 to 7 before and 6 5 to 7 after) ^ 

The titration values given in Tables I and H are milliliters of 0 01 N sodium 
hydroxide solution per gram of dry collodion The titrations were earned out 
with a imeroburette, phenol red bemg used as mdicator The accuracy la 
about 0 03 mb 0 01 u sodium hydroxide solution* The pH detenmnationa 
may be assumed to be accurate to better than 0 1 umt. 

VI 

As indicated above, the influence of the time factor on the base exchange 
must be known Table I gives titration and pH values obtamed with two 
“active” collodion preparations at several reaction times, 

Ondued coUodion woa pr^wred by treating u sj* Baker Collodion Cotton with 
hnolar” sodium hypobromitc solution for 24 hours, as desenbed above followed 
by thorough washing The crude nitrocellulose” was prepared from sample “B” 
by removal of excess free sulfuncaad by boiling with water for several hours. Both 
gamp]» were preapitated afi described above. 

9 gnu of oollodlon were added to 300 mb of water and potassium chlonde 
solution These fiamples were shaken for several minutes by hand and allowed to 
react further under occaaamal shaking 10 mb samples of the clear supematont 
dmd were removed after measured periods and their pH determined with the glass 
electrode. The samples were then titrated with sodium hydroxide solution 

Table I shows that base exchange with preapitated collodion is a rather slow 
process Inaccessible mner surfaces or diffusion processes m and out of the 
sohd material, or both, obviously play an important rdle A material with 
an open structure, piarticularly if m a finety divided state, as is the case with 
our preapitated fibers, should readi base exchange equilibnum vnthm very 
abort penods 

An appreciable difference between the two prcporationa mvestigated is 
apparent The preapitated crude collodion obviously has a more open struc 
tuic thgn the precipitated ondized coUodioD The latter, though it eventually 
yields a greater base exchange, required about 6 hours to exchange to the 
same extent as the crude nitrocellulose m 15 minutes- The microscopic differ 
ences between the two preparations were too small to account for this differ 
ence. We are thus forced to conclude that the precipitated fibers have a some- 
what different submicroscoplc structure which obviously must result from 
molecular differences 

Table I also shows that the two tested collodion preparations fulfill, at least 
very closely, the first of the conditions necessary for true base exchange, namely, 
no reaction with water, which could be considered to be of real significance. 
The probable meamng of the slight shift of pH in the water will be discussed 
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bnefly below There we will also see that the other necessary condition for 
true base exchange is also fulfilled, namely, agreement between the acidity 
values as found with our two mdependent methods, titration and electro- 
metric pH determination 

FoUowmg the example of Beutner, Caplan, and Loehr,® we arbitrarily chose 
2 days as the standard reaction tune for our further experiments, though 

TABLE I 

The Infliieiice of the Ttme of Reaction on the Base Exchange of Active Collodion Preparations 


A Oxidized collodion 


Time of reaction 

Ml 0 01 N NaOH per gm dry collodion 
on treatment with 

pH values on treatment vrith 

0 5 u KCl 

Water 

0 S It KCl 

Water 

15 min 

0 00 

0 00 

5 6 

6 6 

1 hr 

0 00 

0 00 

5 3 

6 6 

6 hrs 

0 05 

0 00 

4 8 

6 6 

241irs 

0 13 

0 00 

4 5 

6 3 

2 days 

0 29 

0 00 

4 1 

6 3 

1 wk. 

0 54 

0 00 

3 9 

S 9 

2 wks 

0 57 

0 00 

3 9 

5 9 

5 wks 

0 56 

0 00 

3 9 

5 6 


B Crude collodion 


15 mm 

0 05 

0 00 

4 8 

6 7 

1 hr 1 

0 13 

0 00 

4 5 

6 7 

6 hrs 

0 20 

0 00 

4 3 

6 4 

24 iirs 

0 27 

0 00 

4 2 

6 4 

2 days 

0 30 

0 00 

4 1 

6 3 

1 wk 

0 35 

0 00 

4 1 

6 0 

2 wks 

0 39 

0 00 

4 1 

5 8 

5 wks 

0 39 

0 00 

4 1 

6 4 


much could be said m favor of a shorter time However, the selection of the 
2 day period is boimd to brmg out more clearly the differences between the 
active and mactive preparations It has the further advantage of mcreasmg 
the absolute effects, thus rendermg them easier to determme 

The arbitrary choice of the reaction time, whatever its length may be, neces- 
sitates a brief discussion concermng the exact meaning of the experimental data 
We measure the actual base exchange which takes place durmg the standard 
tune Table I mdicates — and this is of importance — that our measurements 
listed m Table H give values much greater than those which in all probabihty 
correspond to the dissociable groups which cause the characteristic electro- 
chemical behavior of membranes The latter, as we may repeat here, appears 

















E. SOtT.NF.Bj CX W AND L ABKAUS 


419 


nearly instantaneously on contact witli electrolyte solutions. All the values, 
therefore, obtained with our standard method are decidedly hi^er than those 
which should be correlated to the electrochemical activity of collodion. We 
will have to consider the consequence of this fact later 
It may be noted that repeated renewal of the electrolyte solution does not 
alter the measured base exchange m a given period of tune, as compared with 
that obtained when the collodion is m contact with the same solution over the 
whole period 


vn 

In Table II are listed the base exchange and activity data obtained with 
some representative collodion preparatioas of different ongin and different 
prctreatment. In all cases, unless mdicated otherwise, precipitated fibers 
were used. 

50 mh of water or 0.5 u potassium chlonde sohiUan were added to 1 5 gm. of 
dry collodion in 125 mL Pyrex Erlenmeycr In the case of the wet prepara 

tions, an amount of coUodion corresponding to 1 5 gm. of dry material was taken. 
The samples were shaken for several minutes and allowtd to react for 48 hours with 
occasional shaking After this, 10 mL samples of the supernatant, clear, fiber ixtfi 
hquid were titrated m another sample, the pH was determined with a glass elec 
trode. Column 2 of Table n gives the brand and pretreetment— if any — of the 
studied cDUodioQ prepaiatioas. In the cases of ’'Celkldin Schenng Kahihaum cut 
in cubes” (No 7 a and 7 6) — following the procedure of Beutner, Caplan, and Loehr— 
the stifi (about 20 per cent) commercial Celloidm alco-gel was cut m small cubes 
(about 4X4X5 tom.) and treated tsactiy as the other (fibrovis) preparations. 
Here too, the hsted values are per gram of dry substance. 

In columns 3 and 4 are Usted the aah and sulfate content of our preparabons, 
determined os described previously * 

Columns 5 and 6 Indicate the milliliters of 0 01 K NaOH solution used per gram 
of dry collodion after 48 hours contact with 0 5 u K.Q solution and with water re 
spec lively 

Cohimns 7 and 8 show the pH values (as detennined with a ^ass electrode) of 
the KQ solution and water after 48 hours contact with collodion Whether or not 
any conclusions can be drawn from the ezpenmcntally measured pH values which 
lie between 5 3 and 7 will be discussed bekrw 

Columns 9 and 10 give the pH values rMlciiifttwi from the titration values of col- 
umns 5 and 6 under the assumption that the KaOH used has neutralized HCl m 
an unbuffered system. 

On account of the experimental UmiUtions of our titrations, titration values of 
0 00 ml 0 01 u sodium hydroxide correspond in our table to calculated pH values 
which may He anywhere between 5 and 7 Therefore, the calculated pH values 
in columns 9 and 10 are given in ail thrui cases as >5 to indicate the limitations of 
our voUunetne experiments. 

Col umn* 11 and 12 indicate the electrochemical activity of the different collodion 
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preparations Bag-shaped membranes were prepared as described previously 
rhe same method of characten 2 a,tion was used as m preceding papers ^ ® The mem- 
branes tested were as far as possible of the same porosity, as mdicated by their be- 
havior when tested with sucrose solution The figures m column 11 mdicate the 
m i l lim eter pressure rise observed 20 mmutes after the membranes filled with 0 25 ii 
sucrose solution were placed m distilled water Column 12 gives the anomalous 


M 

osmotic nse m m i lhmeters of water obtamed after 20 mmutes with — potassium 


sulfate solution As shown previously, - ^ the rate of thiR rise is a rather sensitive 
mdicator of the electrochemical activity of collodion 


vm 

Before discussmg the mam results of Table H, it is necessary to clarify 
some teclmical pomts First, we may consider the question of the importance 
of the ash and sulfate content of our collodion preparations As was pomted 
out above, there is no mdication that the ash and sulfate content should ap- 
preaably influence the base exchange (and activity) of collodion This view 
IS substantiated by a close inspection and comparison of the data of columns 
3 and 4, 5 and 6, 7 and 8, (and 12) of Table n, particular attention should be 
paid to the data refemng to the genetically related samples 7, la, 8, and 9, 
10 and 105, 11 to 14 High ash and sulfate content is compatible with zero 
base exchange and high pH values (see particularly cases 6, 8, 9, 10, and 14) 
In the process of precipitation the surfaces of collodion have obviously been 
freed thoroughly from soluble impunties by then contact with water, though 
some of the sulfate may be present m an insoluble combmed form The bulk 
of the sulfate and ash found by analysis is obviously so thoroughly enclosed m 
the fibers that no significant amoimt is able to diffuse out withm short periods 
These impunties, therefore, can be disregarded completely for our further 
discussion 

The fact that drymg does not seem to affect the base exchange properties of 
our precipitated fibers can be concluded from a comparison of cases 10 and lOfl, 
12 and 12a 

Case 105, crude collodion m the state of native fibers (mtrated cotton) which 
was obtamed m the alcohol wet state, is quoted to give an idea of the character- 
istics of such preparations 

Let us next consider the data obtamed with the same material as that used by 
Beutner, Caplan, and Loehr® — “CeUoidm ” Cases 7 a and 7 5 are as accurate 
repetitions as possible of the experiments of these authors The results listed 
m columns 5 to 8 are m complete agreement with theirs We want to empha- 
size here agam that some substance or substances which neutralize sodium 
hydroxide on titration obviously were dissolved m the water Therefore, we 
are not dealmg with a sunple base exchange This conclusion can also be 
derived from the fact that there is a large discrepancy between the experi- 
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mentally found pH values and those calculated from the titration data For 
the ‘Tiase exchange” with water, sudi a calculation la, of course, absolutely 
fictitious. The pH values mdicate that the dissolved substances were either 
very weakly aad or contained some aadic component. In the case of the 
**base exchange” with potassium chlonde solution the situation is substan 
tially the same, though it may be that some (thou^ very small) true base ex 
change occurred A pH of 4.5 corrcaponda m our expenments to a titration 
value of only about 0 1 mh 0 01 u sodium hydroxide. As we are dealing with 
aadic impurities, a buffeting action upon the hydrochloric aad which may have 
been developed by true base exchange seems to be ruled out. Here agam we 
are dealing mainly if not excluavefy with some process of dissolution. 

The nature of the soluble substances is without particular interest here, but 
this much must be said. It is known that inadequately purified nitrocellulose 
(“Celloidin” comes mto this class^*) not only contains water-soluble material 
which normally is removed by punfication, but also decomposes spontaneously 
m course of time^ as shown on a large scale by Silberrad and Farmer ^ Ni 
trous compounds are formed m such preparations. They act upon the mtxo- 
ccUulose forming many kinds of lower molecular weight substances mostly of 
an aadic nature. Moreover, they obviously render a fraction of the mtro- 
cellulose water-soluble. These water-soluble compounds probably account 
for a very great part of the high titiatioa values with sodium hydroxide solu 
tion. It 15 known that alkalies do not react m a straightforward manner with 
many ‘mtro ’ compounds such as mtnc aad esters, but destroy them m an 
oxidative manner with the formation of rutntes,^ etc. 1 gm. of nitrocellulose 
m contact with an excess of sodium hydroxide uses a quantity which corre- 
sponds to more than 1000 ml. of 0 01 N hydroxide solution. Thus a very mttaII 
amount of dissolved nitn>-compound may use up large quantities of hydroxide 
solution. 

Here the question arises as to how far the behavior of the ‘Celloidm” gel cut 
m cubes is paralleled by the base exdiange properties of material prepared from 
solutions of this preparation, os membranes would necessarily be. Case 7 of 

^ Such ipoutaneous dccompositioa of ‘ Celloidm accounts also for the Inability 
of Michaehs and coIlaboEatOEB (Green A. A- Weecb A. A, and Michaehs L, J Gtn 
Pkysxoi , 1929 12, 473) to produce highly dned coUodion membranes havmg a con 
itant dectncal conductivity, as suggested already by the above authors. One can 
expect that menibranes prepared from better stabilized collodion would not present 
the difficulties 

>* Silberrad 0 , and Farmer, R. C, / CAem. Spc., London, 1906, 89, 1182 For 
further references see particularly Schwalbe, C G Die Chemie der Cellulose, Berlin 
Bomtraegcr 1910-11 and 1918 289 

i*\ViIl,W Ber chem, Ges 1891 24, 400 Silberrad, O and Fanner, R, C, / 
CkcouSoc London, 1906 89, 1759 For further references, see particularly Schwalbe 
C, G Die Chemie der CeUulcsc Bcrhn Bomtraegcr, 1910-11 and 1918, 293 
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TABLE n 

Base Exchange and Activity of Vartotts Collodion Preparations 


B 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 


Brand of collodion and pretreatment 

(All preparations were precipitated 
from ether^alcohol solutions and dned, 
unless stated otherwise) 

Ash andSOi 
content 

Bose exchange data 


Electro 

act 

■chemical 

ivity 

110 ash per gm dry 
collodion 

rs 

1 

Eg 

of 

w— 

oS 

a 

Ml 0 01 N 
NaOH per 
gm dry 
collodion 
on treatment 
with 

pH values 
found 
eipenmen 
tally on 
treatment 
with 

pH values calcu 
lated from 
titration values 
of columns 

5 and 6 

Osmotic rise with 0 25 
u sucrose 

S M 

1 1 

4 

OJm 

KCl 

Water 

OJ H 
KCl 

Water 

05lt 

KCl 

Water 











mm 


I 

Alallinckrodt “Parlodion,” commercial 

0 16 

0 04 

0 00 

0 00 

5 4 

6 2 



115 



preparation 









124 














2 

ilallinckrodt ‘ Parlodion,” boiled IS 

Very 

Very 

0 00 

0 00 

5 9 

5 9 

>5 

>5 


15 


hrs m alcohol 

low 

low 







123 

16 











136 

28 

3 

Merck collodion u sj* , commercial 

0 25 

0 2 



5 6 

5 8 

>5 

>5 

116 

48 


preparation 









125 

46 











138 

57 

■1 

Baier collodion D s j , commercial 

0 45 

0 2 


■iMiiia 

5 3 

5 9 

>5 

>5 

126 

50 


preparation 









128 

32 











130 

47 

5 

Schenng Kahlbaum collodion ‘‘zur 

1 3 

0 9 

Elil 

0 06 

5 1 

5 7 

4 4 

4 7 

113 

93 


HemtellunE von Membranen,” com- 









122 

89 


mercul preparation 









130 

104 

6 

Schermg-Kablbamn collodion "mr 

1 0 

0 4 

lilcil 

Iili3 

5 4 

6 5 

>5 

>0 

113 

95 


Herstelluns von Membranen,’’ boiled 









mSm 

102 


S brs m 60 per cent acetic acid 









19 

134 

D 

Schermg-Kahlbaum “Celloidm” “for 

3 6 

2 0 



5 2 

5 8 

4 7 

5 

[no 

190 

B 

general use,” commercial preparation 





5 1 

5 8 

4 1 

5 

jl20 

ISO 

B 










[l26 

228 


Same as No 7, but not precipitated, tbe 

3 6 

2 0 

3 74 

1 89 

4 7 

5 0 

2 95(1) 

3 2(1) 




commercial gel cut in cubes 











74 

Similar to No 7a but aged several 



Eia 

1 26 

4 5 

4 5 

3 5(1) 

3 4(1) 




months m the laboratory 











S 

Schcrmg-Kahlbaum * Celloidm*' “for 

1 2 

0 9 



5 1 

6 3 

>5 

>5 

116 

132 


general use,*' boiled 3 hrs m 60 per 









128 

135 


cent acetic acid 









136 

ISO 

9 

Schenng Kahlbaum ' Celloidm*' “for 

1 0 

0 4 

£^31 

riHiriMl 

5 2 

6 5 

>5 

>5 

131 

143 


general use,*' boiled 6 hrs m 60 per 









138 

138 


cent acetic acid 









145 

156 


Table II shows the behavior of “CeUoidm” after precipitation from ether- 
alcohol solution m water There is no “base exchange” with water while with 
the potassium chlonde solution, there is some appreciable reaction Obviously, 
most of the soluble and reactive material is removed from the surfaces of the 
precipitated fibers m the very process of preapitation, no appreciable diffusion 
of such material from the mtenor of the fibers takes place, though the salt 
solution IS obviously able to peptize some matenal (which reacts on titration 
with sodium hydroxide) as mdicated by the discrepancy between the values m 
columns 7 and 9 

The large differences m the “base exchange” properties of “Celloidm” gel 
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TABLE 



a 

3 

4 


6 


8 


10 

U 

U 

10 

Cnda roStdtfifrti cdUw wnjd* A (which 

]“ 

0 8 

0 00 

0 00 

3 7 

34 

>3 

>3 

fl03 

fix 


ml obuhtttd wuhtd 'with ikohol) 









lU 

(160 











lu3 

(la 

lOs 

Crode collodfcp cotton uiopb A, m< 



0 00 

0 00 

S 6 

3 9 

>3 

>3 




dried i/ter predidC^tko 











10» 

Cmde coUodioa coUm icnple A in thi 


3 8 

1 40 

1 37 

14 

3 6 

3 4 

3 4 




oricin^l Sbroos lUU (not pndpl 



3 oa 

1 40 

3 1 

34 

34 

3 4 




titcd) 











11 

Crodi coltodloa cotton unpk B 

i 0 

J 4 

0 67 

0 00 

3 0 

3 0 

3 

>3 

m 

146 











136 

UO 











134 

113 

U 

Cnde coDodfap cotton tuapli B boDod 

0 3 

\07 

046 

0 OO 

4 1 

3 6 

4 

>3 

) 130 

126 


1 Uma 1 hn mhwilhmtcr 


[ 







138 

U3 











133 

147 

u* 

S«m«MNo.l2 but sot dried ifterpn- 



0 2J 

0 00 

4 1 

3 1 

4 

>3 




dfdtxtioa 


1 









u 

Cnde cqUcb Minple B 

1 0 

1 1 

0 06 

0 QO 

4 7 

6 1 

4 

>3 

130 

lU 


vuhed 6 thaci with 93 per cent ilco- 









U6 

133 


bol ind boned J tfann X min MCh 









lU 

180 


with mter 











r24 

CnxU coQodlon coUce naple B 

1 6 

1 0 

0 CO 

0 CO 

34 

6 6 

>3 

>3 

113 

133 


Vltwt 7 fan. with 70 per cent ilcofaol 









136 

la 


(2 ikohdl chuca) 









140 

U4 

13 

Ortdliad coBodlost (Biiei cofladtoa 

0 i 

<0 2 

0 37 

0 00 

44 

6 4 

4 1 

>3 

US 

UO 


eoUos *TTiocUJn 0 arid tad 24 hn. 









UO 

142 


with 1 vNiQBr 









137 

la 

16 

Oildicad coBodlos (No U) vubed 1 

<04 

<03 

0 u 

0 00 

4 5 

6 3 

4 4 

>5 

U4 

130 


thnx with 95 per cat ilmbol 









137 

132 











U3 

UO 

IT 

coltodfcffi CKo. iS) wuhed 14 

<0J 

<0 3 

0 00 

0 00 

3 0 

6 7 

>3 

>3 

133 

119 


ttfTtf ^th 93 per cat ilcobnl 









U7 

U8 











IW 

U1 

18 

Clxidised coUedki (No 13^ wuhed 

<04 

<03 

0 00 

0 00 

3 3 

64 

>3 

>5 

130 

93 


23 lima with 9S per cat ekohol 









US 

104 











1» 

US 


* Thu pnpftmtion contidiu imich ine solfutlc tad 


fibexs prepared from the same mutenfll make it improper to tranafer data 
obtained with the former to the problem of the electrochemical behavior of 
membranes 

Precipitated Schcnng Kahlbaum CoUodion “rur HerstcUucg von Mem 
branen" (case 5 m Table H) gives off amaiJ quantities of soluble material even 
mto water, but is otherwise mmnar to the preapltated “CcUoidln” (case 7) 
T-iVc Schcnng tCRblhaum “Celloidm”, Schcnng Kahlbaum Collodion “zur 
Hcrstellung von Membrancn” was also classified m previous reports^ * os a 
poorly purified product 


DC 

It 13 obvious that the collodion preparations mentioned m the precedmg para 
graphs arc unsuitable for our purpose namely, the study of the true base ex 
change properties. Only preparatioiia which give zero titration values with 
water, and in addition, a rcasoaaUy ^>od agreement between the experi 
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mentally found pH values of column 7 and the calculated values of column 9 
are smtable for this purpose Approximate agreement between the two assures 
one that true base exchange occurs, though some other factor (solubdity) may 
make itself felt to some extent Fortunately, proper purification yields 
products of the desired properties 

Agreement ordmarily withm the limits of our experimental (titration) error 
exists m cases of the precipitated preparations, 1, 2, 3, 4, 6, 8, 9, 10, 11, 12, 13, 

14, and 15 to 18 None of these preparations, it may be noted, shows a reac- 
tion with water sufficiently large to be detected by titration Cases 11, 12, 13, 

15, and 16, precipitated crude collodion and preapitated oxidixed collodion, 
show measurable base exchange values In aU the other cases, (1, 2, 3, 4, 6, 
8, 9, 10, 14, 17, 18), the base exchange is too low to be measurable by titration 
(t e , less than 0 03 ml ), and correspondingly, the pH values are greater than 5 

Focusmg our attention now entirely on the cases mentioned m the precedmg 
paragraph, we may finally turn toward our mam ob 3 ective, namely, the possible 
correlation of base exchange properties and electrochemical activity (as ex- 
emplified by the data on anomalous osmosis — column 12 of Table H) of the 
different samples of precipitated collodion 

If we take the titration values as the measure of the base exchange we find 
(1) cases which combme “zero” base exchange with low electrochemical activ- 
ity, No 1, 2, 3, and 4, (2) cases which combme measurable base exchange with 
great activity. No 11, 12, 13, 15, and 16, (3) cases which combme “zero” base 
exchange with great activity. No 6, 8, 9, 10, 14, 17, and 18 

As yet, we have not found a case combmmg chemically measurable base 
exchange with low activity 

It IS particularly mterestmg to compare the genetically related samples 
5 with 6, 7 with 8 and 9, 11 and 12 with 13 and 14, 15 with 16 and 17 and 
18 The relatively small, sometimes hardly significant changes m activity 
are somewhat in contrast with the large differences in base exchange 

The general result of Table II can thus be stmmanzed by saying that no regular 
correlation exists between chemically measurable base exchange capacity and 
electrochemical activity 

Low as well as high activity can be associated with a base exchange capacity 
too low to be measurable by titration High, i e , measurable base exchange 
capacity always seems to be correlated with high electrochemical activity 

If we turn our attention now to the correlation between pH values and 
electrochemical activity, we arrive at exactly the same classification as before 
if we arbitrarily take pH 5 as a demarcation hne This, of course, is simply a 
necessary consequence of the fact that m all the cases which are considered 
here, a reasonable quantitative agreement exists between pH and base exchange 
data 

But now the question arises as to how far pH values greater than 5 may be 
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used afl a basis for more far reaching conduaions It is not posaiblo to answer 
this question without discussmg some possible errors and the limitations of the 
method Small pH changes near the neutral pomt, of course, very little 
if taken sin^y, but consistently analogous data when taken as a whole may 
have oinsiderable weight and may be used for certam limited conclusions 

If our collodioa preparations were perfectly mert substances, water m contact 
with them should not undergo a change m pH* However, this is not the case 
The pH on treatment with water varied between 5 7 and 6 7 for the different 
samples tested “ It is somewhat paradoxical that some of the “inactive” pure 
commercial preparations caused a greater shift m pH than most of the purified 
“active” samples This is easily understood, however, on the basis of the fact 
that even very pure collodion is not absolutely stable The “inactive” prq>- 
arations had stood for some time before use and thus contamed more soluble 
aadic impurities than the recentfy punfied ‘ active” preparations This 
agrees also with the fiict that some experiments, not listed m the tables, demon 
strate that our specially punfied products cause a greater shift m pH if not 
used m the freshly prepared state “ 

Smee solubility effects may <jiange the pH even m pure water from neutrality 
(pH 6.5 to 7) to a pH of 5 7, we are inclined to believe that such effects are 
appreciably stronger in salt solutions as the latter may have some peptizing 
effect Without a special and thorough mvestigation of each mdividual case, 
it IS impossible to say with accuracy bow great a fraction of the pH change 
observed m pota&dum chlonde solution must be attn1)uted to true base ez 
change and how large a proportion to solubility hi aome cases, e,g , m the 
not speciaUy punfied samples 1 and 4, the latter fraction is probably rather 
large. In cases 8, 17, and 18, on the other hand, true base exchange is most 
likely the prevailing factor, as can be concluded from a comparison with the 
respective genetically related samples. 

No matter what limiting value we assume for the significance of the pH 
measurements m the potassium chlonde solutions, , whether 5.3 or 5 6, 
the mam result of our mvestigation remains quite the same, though one or two 
cases (No 1 and No 4) would now be listed under a fourth heading, namely, 
cases which combine base exchange measurable by physical means with low 
electrochemical activity WUh the present methods, no regular correlation can 
be found empirically between base exchange capacity as determined by physical 
methods and eJecirochemteal acimiy 

^*Herc we must disregard case 11 which is obviously Influenced by Its high con 
tent of free sulfunc acid traces of which diffuse mto the water during the long — 
48 hours — contact time. 

We have gained the impression that extremely well punfied coflodion prepara 
tioDS also show a alight increase in activity when stored for probnged periods, this 
IS obviously likewise due to a slow decompostmn and oxidation 
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From the pomt of view of a membrane mvestigation, a more thorough study 
of the factors mentioned m the last few paragraphs would become a pertinent 
problem only after it has been shown that such a study could contribute ma- 
terially to our fundamental knowledge of membrane structure A more 
detailed discussion of any possible quantitative correlation of base exchange 
capacity and electrochemical activity would necessarily have to wait for much 
more accurate data But for the reasons discussed above, it may be very 
difficult, perhaps impossible, to obtam such data with collodion However, 
at this pomt, the foUowmg statement can be made with certamty The hose 
exchange capacity which is necessary to cause even great electrochemical activity oj 
collodion IS very small, just at the borderline of usefulness of the present experi- 
mental technique, more probably even beyond it 

We have arrived at this result without takmg mto account the tune effect 
(Table I) Here we must remember that the electrochemical properties of 
collodion membranes are apparent nearly instantaneously on contact with 
electrolyte solutions This means that the electrochermcal behavior of mem- 
branes obviously IS determmed by those lonizable groups which he exposed m 
the water-solution mterface m the pores It therefore would be preferable m a 
more thorough discussion of the correlation of electrochermcal activity and base 
exchange to consider the base exchanges after short periods Thus, the base 
exchanges which should be taken as the basis for any discussion are actually 
much smaller than the values of Table II, which refer to the exchange situation 
m fibrous collodion after 48 hours Therefore, the italicized statement made 
above concemmg the magmtude of the base exchange which is necessary to 
produce great electrochemical activity is true m an even more pomted manner 
The base exchange which corresponds to the true physical cause of the electrochemical 
activity of collodion is much too small to be determined with the available methods 
Considermg the mstability of coUodion, we doubt whether even a great im- 
provement m techmque could lead with this material to significant results 

In spite of this somewhat puzzhng result reached m the last paragraph, there 
IS no escape from the conclusion reached previously^ - that dissociable groups 
built mto the collodion cause its electrochemical activity Preferential ion 
adsorption was shown to be ruled out as a major factor, at least m solutions of 
strong, weakly adsorbable ions Such an assumption could never explam the 
differences m electrochemical activity which are observed with different col- 
lodion preparations 

A visualization of the true situation can obviously be found in the direction 

On the basis of these considerations, one might expect that membranes pre- 
pared from the crude collodion (referred to m Table I b) would have at least not a 
lower electrochemical activity than those prepared from the oxidized collodion 
(Table la) This is actually the case as can be seen from No 12 and No 15, columns 
11 and 12 m Table If, which refer to the same preparations as Table lo and lb 



Z, SOLLNEi, C. CA51E, AKD 1. AB5UJI3 


427 


o£ the following reasoning mcasuiabk base exchange disappears earlier on 
punhcation than the pronounced dectrochcmical activity Our methods of 
determining the two are of different sensitivity The electrochemical proper- 
ties of the collodion, , of the coUodioa-solution interfaces, arc determined by 
a smaller number of ions than can be detected with certainty in the eitemal 
solution. By proper and prolonged purification, one can reduce the number 
of dissociable groups contamcd m ooUodion to a very low leveh Finally even 
the electrochemical activity disappears neady entirely, as can be seen from the 
low “activity^’ of highly purified collodion Cases 1 3, and 4 refer to commer- 
cial collodion preparations. No 1 (Mallinckrodt “Pailodioa’'), which is 
manufactured for greatest punty, is the purest ftrtfl least active Eunong all the 
many commercially available preparations we have tested Case 2 is of partic 
ular mtereat smce it shows that even thw specially purified irmtenpl loses 
activity when further purified. For this, fibrous MaUmckrodt “Patlodion” 
was boiled for IS hours with 90 per cent alcohol (about 18 gm. of material per 
hter alcohol), the latter wa* changed twice to remove more thoroughly the 
soluble material There is no reason to beheve that even the very low residual 
activity of the purified “Patlodion” could not be reduced further by proper 
methods. Any activity above this level is therefore due to unpuriues foreign 
to the ideal mtrocellulose In fact, we can be certain that the true reference 
pomt of activity, which is caused by the presence of dissociable unpunties, 
lies considerably below the level obtamed with the punfied ‘Tariodjon ** We 
may even venture to speculate that pure ideal mtrocellulose should be nearly 
completely void of any distmct electrochemical properties when immerBed m 
pure water or aqueous solutions of strong inorgamc electrolytes Of course, 
at this low level of electrochemical activity, preferential ion adsorption could 
become on important factor even with weakly adsotbable electrolytes 

X 

The beanng of the results of our base exchange studies upon the general 
problem of electrochemical membrane behavior is obvious, at least m a quidi- 
tative way 

It ^Tns difficult to reconcile our results with the homogeneous phase theory 
on account of the extremely small concentration of active groups, which m some 
way or the other, obviously determme the electrochemical behavior of mem 
branes On the other hand, the pore theory too seems to run mto great diffi 
culties, at least when assuimng more or leas uiufonn, prismatic pores, as is 
taatly aammefl m the proposed mathematical theones- Wc should like to 
mdicate briefly a hne of reasoning which may overcome these difficulties, 
namely, the assumption of a geometrical structural irrcgulanty, such as must 
necessarily be assumed, a pncr%t for a microhctcrogeneous system such as the 
collodion membrane If we tVinik of pores not as uniform prismatical channels 
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but as random sequences of narrow constrictions and wide cavities, it is imme- 
diately evident that the narrowest constriction m each possible channel deter- 
mines the permeabihty of the latter A smgle charge at a pomt of constriction 
could easily determme the electrochemical behavior of the whole pore Thus 
a very small number of dissociable groups m a membrane, less than that con- 
tamed m a monomolecular film of equal dimensions, could, if properly distrib- 
uted, determme the electrochemical behavior even of volummous structures 
It would be mterestmg to follow up some consequences of this general concept 
and of its imphcations when apphed to biological systems It likewise would 
be attractive to compare these ideas with certam theories of membrane struc- 
ture and membrane behavior which are based on somewhat opposite assump- 
tions 

However, we prefer to postpone a more detailed discussion of these pomts 
to a later date, until certam studies deahng with the uptake of hquid from 
water and electrolyte solutions by dried collodion membranes and with then 
swellmg will, it is anticipated, contribute data which may allow us to discuss 
profitably on an experimental basis the controversial problem of contmuous 
phase theory versus pore theory The true situation seems to be less simple 
than assumed by either theory The above mentioned controversy obviously 
must be settled at least to some extent before an attempt is made to deal with 
a quantitative membrane theory A quantitative test of certam aspects of 
the outstandmg examples of an electrochemical membrane theory based on a 
correlation of concentration potential measurements and base exchange studies 
on membranes is now bemg carried out Usmg the methods (and prepara- 
tions) described m this paper, it wiU show clearly the quanMahve significance 
of base exchange studies for the problem of electrochemical membrane be- 
havior 


SUMMARY 

1 Theoretical considerations lead to the conclusion that dissociable acidic 
groups present to a varymg extent m different collodion preparations determme 
the electrochemical behavior of membranes cast from these preparations It 
IS further reasoned that the base exchange capacity of the coUodion surfaces is 
the true quantitative measure of the abundance of the dissociable groups 

2 The concept of base exchange capacity and the base exchange method are 
discussed The conditions which allow a purposeful apphcation of the latter 
are stated 

3 The base exchange properties of a number of fibrous coUodion prepara- 
tions of different origins and after various types of treatment, havmg widely 
vaiymg electrochenucal activities, are detenmned 

13 See, e g , Manegold, E , Kollotd-Z , 1932, 61, 140, and many other papers by 
the same author m the KoUoid-Zeilschnft 



K. SOLLNER, C. W CAKE, AND I ABEAUS 


429 


4 With the chemical (titration) and physical (electrometnc) methods em 
ployed, no regular correlation can be found between electrochemical activity 
and base exchange. The base exchange capacity which is necessary to cause 
even great electrochemical activity of collodion is extremely smalL 

5 Measurable to high base exchange capaaty always seems to be associated 
with good or high electrochemical activity, but base exchange capaaty too low 
to be definitely measurable with the available methods may be found with 
collodion preparations of high as well as with preparations of low electro- 
chemical activity 

6 The bearing of these results upon the problem of the spatial and electrical 
structure of the collodion membrane is mdicated bnefly 
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INTRODUenON 

The effects of ultraviolet light, applied for considerable periods of time on 
a wide variety of cells and tissues, are well knowu.^ The action is often 
spoken of as stimulation, smee definite changes (the response) appear m the 
just as we speak of stunulatlon of the skin by h^t when bronang occurs, 
or of stimulation of the retina when impulses appear In the optic nerve. 

The question arises as to whether stimtilatoon by ultraviolet light is similflj 
to the stimulation of a muscle or nerve, since it lacks some of the fundamental 
choractenstics of stimulus reactions. It is not usually applied m a sudden 
Mitense dose and the response is not of an all-or none djaracter With ultra 
violet irradiation there is a definite relaUon between dosage and effect, whidi 
IS frequently irreversible. 

It IS usual to think of a stimulus reaction as presen ting the following well 
known diaract eristics (1) Many kmds of sudden stimuli should evoke a 
reversible response which depends on the cell stimulated (2) There should 
be no continuous relation between the energy of the stimulus and that of 
the response, the all-or none effect, similar to trigger action, (3) An action 
potential should appear, with stimulated region electrically negative to other 
regions (4) The electrical change should be propagated as a wave of nega 
tivity and decreased Impedance, (5) The effect should be associated with a 
refractory period 

However, the last four of these categones arc all phenomena connected 
with the propagation of the exatation process and need not necessarily ap- 
pear It la well known that NtkUa cells <k> not m all respects obey the alL 
or none law (Osterhout, 1936) while the work of Gelfan (1930, 1931, 1934), 

* An abstract of thii paper appeared in Bull , 1941 81, 291 

1 See Duggai B M Biobgi^ effects of radiation 1936, McGraw-Hill, 1936, and 
Laurens, H Pbyswbgwad effects of radiations. New York, The Chemical Catalog 
Co Inc., 1933 
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Gelfan and Gerard (1930), Gelfan and Bishop (1932), Pratt (1930), Brown 
and Sichel (1936), Steunan (1937), and Ramsey and Street (1938) has shown 
that a smgle muscle fiber can respond m a graded manner to electncal stimuh 
of varymg mtensity The graded response appears only under special con- 
ditions such as pore electrodes for stimulation, mcreased K m the medium, 
if muscle ends are cut or the muscles fatigued No action potential appears 
and there is no propagated impulse The time constants of this response are 
essentially the same as when a propagated excitation occurs, but there is no 
refractory period (Sichel and Prosser, 1940) Katz (1937), Hodgkins (1938), 
and Sc hmi tt and Schmitt (1940) have also demonstrated subthreshold poten- 
tials m nerve which are graded and not propagated 

The word stimulation is so widely used for any kmd of changed conditions 
resultmg m a response that it is of mterest to mquire mto details of the re- 
sponse to ultraviolet hght, particularly whether ultraviolet can ever act m 
the same sense as do electncal or mechanical stimuh m the excitation of a 
local change or a propagated disturbance 

The recent development of a sudden intense source of ultraviolet hght by 
Rentschler has made it possible to test this type of stimulus The brief but 
mtense dosage, which for convemence can be called a flash, is sufl&cient to 
kfll small organisms 

Rentschler, Nagy, and Mouromself (1941) have found that the reciprocity 
law holds for ultraviolet killin g of bacteria when the time is varied from a 
few rmcroseconds (the duration of a flash) to several hours and Rentschler 
and Giese (1941) believe the same to hold for Paramecium These ammals 
are killed instantly by a flash with almost immediate bleb formation (vesicula- 
tion) and cytolysis (Fig 1, A and B) Moreover, reducmg the mtensity of 
a flash reduces the mjurious effect of the ultraviolet and produces a sequence 
of changes qmte comparable to those observed with longer exposures to a 
source of constant low mtensity 

The present mvestigation was undertaken to determme whether such a 
sudden mtense dose of ultraviolet will cause contraction m muscle, conduc- 
tion m nerve, and affect protoplasmic rotation, ameboid movement, oscillatory 
and ciliary movement, myonemes, and biolummescence Lethal changes in 
a number of small orga nisms have also been observed 

Method 

The outfit- for high mtensity ultraviolet dosage is a quartz stenlamp through which 
IS suddenly discharged a condenser at high voltage by the breakdown of an air spark 
gap m senes with the lamp, as shown m Text-fig 1 The condensers had a capaaty 

- 1 am deeply mdebted to Dr H C Rentschler, Director of the Research Labora- 
tory, Westmghouse Lamp Works, Bloomfield, New Jersey, for the loan of his 
apparatus 
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(C) of 3^ microfamds and the spirt gap was usually set at 6 1 nuru, equivalent to 
21,000 volts. The electrical energy, 0 S CV* la 728 joules. Lower voltages with less 
intense flashes are obtained by setting the spark gap closer The relation is given iq 
Text fig 2 

Spectra* of the discharge are reproduced in Fig. 1 and can be compared with the 
same lamp run on 60 cycle, 3,000 volt a c., where the 2537 Ime is the effective ultra 
violet radiation It will be observed that the flash Is very mtense and almost con 
tinuons m the visible and near ultraviolet, that it presents many Imes in the far 
ultraviolet but completely lacks 2537 The plates were not very sensitive to radiatioq 
below 2200 although there is consideruble of this m the In addition a number 

of lines are reversed particularly at 2880 and in the region 2520 As the voltage of 
the discharge is reduced, there is less of a continuous spectrum but many widely 
separated lines appear includmg those of the sterilamp The figure also shows the 


3QOOO il 




TkxtFio 1 


Spark gap (mti) 

TectFio 2 


Text Fig 1 Diagram of connections for high intensity flash of ultraviolet hght. 
Text Fio 2 Relation between voltage and spark gap 


absorption of a 0 17 mm. glass cover slip, a 0 99 mm microscope slide, and a 
0 09 mm. cellophane sheet, of the type wet by water and somewhat transparent to 
lethal ultraviolet. The commercial treatment of cellophane to make it waterproof 
increases greatly ultraviolet absorption- 

The quarts tube (1 cm. in diameter) of the stenlamp is bent in a nng (3 cm. outside 
diameter) around the miooscopc objective and adjusted about 5 mm. from the 
material on the sLde, so that the cells or organisms ore quite near the intense source 
of ultraviolet light of large area, Frequentlyacoppermo5quitogauxc(0J5mm d lam- 
wire) with square* 1 7 mm- across is placed between the lamp and matenaL This Is 
connected with the microscope and grounded to prevent an electrical field from 
disturbing the and organism*. Such a gaiue casts no shadow unce it is im 
mediately under a large area of light It docs reduce the mtcnsity somewhat m the 
ratio of the projected wire area to the total area. 

• Dr A- M Chase of Princeton University collaborated m taking the ultraviolet 
spectra. A Jobln and Yvon quart* qjectrograph kindly loaned by Alfred L. Looml*, 
Tuxedo Park New York was used 
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That the screen is effective can be seen from the fact that muscle and nerves are 
stimulated by the pulses of current in the lamp while the condensers are charging 
unless the grounded screen is present The screen will also prevent the tearing off of 
a silver sputtered surface, which regularly happens when the minor is near the lamp 
even though it is protected from ultraviolet rays by glass The effect is probably 
due to eddy currents, which heat the silver to the pomt of volatilization 

The proceedure is usually as follows The cells are mounted m depression shdes 
and covered with quartz cover glasses (0 2 to 0 5 mm thick) takin g care to exclude 
air bubbles It is important to cover the drop of fluid, as the buildmg up of a high 
potential on the lamp mduces an opposite charge on the water of the shde, thereby 
lowenng the surface tension at the air-water interface accordmg to the well known 
pnnaple that the greater the charge on a curved surface, the less the interfacial 
tension When the discharge occurs, the sudden mcrease m surface tension results in 
violent stinrng movements of the flmd These were found to last about 0 06 second 
by taking photographs of animals m the uncovered drop at a rate of 100 per second 
An experiment is first made, covenng the shde with 1 1 mm of glass and with 
electncal shielding This will disclose any effect of the visible and near ultraviolet 
A second experiment with the shield removed will disclose any electncal effects and 
a third with the glass removed, the ultraviolet effects It is impossible to observe 
what happens durmg a flash smce the bhndmg hght and sound of the spark cause 
mvoluntaty winkmg, but the observations can be made as soon as the closed eyes 
are opened 

Muscle and Nerve 

No visible contraction of frog skeletal muscle or stimulation of sciatic nerve 
could be obtamed with the highest ultraviolet flash mtensity (25,000 volts) 
even though the electrically shielded thigh muscles and exposed nerves were 
very near the lamp or actually hung through the loop of the lamp It is 
possible that ultraviolet was absorbed by the sheath of the nerve or fascia 
of muscle or that only a few surface fibers were stimulated, whose contraction 
could not visibly move the mass of mert muscle tissue That this is the case 
IS indicated by recent expenments (Harvey and Sichel, 1941) in which smgle 
muscle fibers or small bundles of muscle fibers were exposed to flashes of ultra- 
violet hght and their movement automatically recorded on moving film The 
fibers do not respond with a twitch but m 50 per cent of the flashes show a 
contracture These flashes of ultraviolet hght, like low mtensity ultraviolet 
(Spealman and Blum, 1933), appear to act directly on the contractile sub- 
stance rather than on the exatatoiy mechamsm The response is quite 
different from that to electncal stunuh 

Protoplasmic Rotation [Cyclosis) 

The earher workers {cf Ewart, 1903) on cydosis noted that protoplasmic 
rotation would stop if the cells were stimulated mechanically, electncally, 
or m other n ays and that a wave of shock stoppage would pass over the cell 
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They found that electrical stoppage showed many phenomena B^milar to 
stimulation of muscle and nerve, obeymg such classical laws as those of DuBois- 
Rfymond and Pfltlger, and grvmg electrotonus effects. The stoppmg of cy 
closis may be considered analogous to stimulation m other cells 

Nitdla fragilu is particularly good material to work with, smce an action 
potential appears on stimulation shortly preceding the stoppage of q^osis 
CSO rmann, 1898, Auger, 1931, Frank and Auger, 1932) However I have 
noted that a Ntidla cell showing no cyciosis would give an action potential 
on atnnulatioD Hill (1941) has recently studied the relation between acbon 
potential and cyclosis and finds that cyclosis always stops if an action potcn 
tial appears but that an electncal stimulus too weak to chat even a local 
action potential can stop streaming 

The Nttdla cells used m this study were obtamed from a brook near King- 
ston, N J , and kept m the laboratory several days to a few weeks at a tcm 
peraturc of 28®C Only young cdls largely free of encrusted dutoms were 
used They all showed rapid cyclosis but their size (0 25-0 4 mm. diameter, 
5-30 mm. long) is such that ultraviolet light cannot be expected to penetrate 
throughout the celL Indeed a flash of ultraviolet was frequently observed 
to stop cyclosis near the upper surface of the cell where the ultraviolet light 
enter^, but not below The cyclosis may also contmue m a part of the cell 
under glass, when it has been stopped in that part under quartz. It is al 
ways necessary to shield the cells from the electric field with groimded copper 
gauze smce without the gauze shock stoppage of cyclosis often occurs due to 
electrical stimulatwa. 

When the matenal was clectncally shielded and covered with 1 1 mm glass 
there was no effect whatever of an intense flash (22 000 volts) but when 0*5 
mm. of quartz covered the cell, rotation stopped immedmtely Sometimes 
there was no return of cyclosis and the cell died with its protoplast shrunken 
from the cell wall, frequently there was a return of slow or rapid rotation- 
Tie cell might live or might finally die Occasionally a cell was not affected 
at all by an intense flash of uitraviDlet and showed rapid rotation next day, 
]ust as did the controls These were old cells encrusted with diatoms, which 
absorb the ultraviolet. 

Permanent stoppage of cyclosis is not evidence of stimulation but of mjury 
and death By using ultraviolet hgbt from a discharge with shorter spark 
gap, one can regularly obtam reversible stoppage of cyclosis Thus with a 
3 mm. gap (11,000 volts) there was no effect on cyclosis, with a 4 15 mm 
gap (14,700 volu) the cyclosis became slowed and then recovered while with 
a 5 17 mm gap (18,000 volts) the streaming stopped completely and then 
moved agam within 2 minutes 

The fact that a flash of ultraviolet will stop cyclosis m an electncally shielded 
cell with later recovery, is defimte eviden« of stimulation by ultraviolet 
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The important question is whether an action potential appears and whether 
it IS propagated The arrangement for detennmmg these points is illustrated 
in Text-fig 3 

A shows the method of detection of a propagated potential A long cell 
of Nitella (0 4 mm diameter X 32 mm long) is laid over two mchrome wues 
{R, R) embedded m a paraffin trough (T) and connected to a Rubicon gal- 
vanometer Sometimes the end of the cell over one electrode is bathed m 
0 01 M KCl solution, kept m place by vaselme All mm glass sheet is 
placed between this half and the ultraviolet lamp The other half of the 
ceU IS exposed to the ultraviolet smce it is covered with 0 5 mm quartz This 
half IS m contact with two mchrome stimulatmg electrodes (5) to test the 
imtabdity of the cell with make and break mduced shocks If an excitation 

A B 



Text-Fig 3 Arrangement of Nttella for detecting (A) propagated excitation and 
(B) local excitation S, stimulatmg electrodes for testmg imtabdity of cell R,R, 
recordmg electrodes leadmg to galvanometer to detect action potentials G, glass 
and Q, quartz cover shps T, trough m paraffin to hold Ntlella cell, N 

which IS propagated appears from exposure to ultraviolet it should be detected 
as an action potential by a swing of the galvanometer 

In B, one of the detectmg electrodes is also under quartz so that a non- 
propagated potential can be detected also Unfortimately exposure of one 
mchrome wire (in water without the Nttella ceU) to an ultraviolet flash (through 
quartz but not through glass) makes it negative electrically to another not 
exposed, givmg a shght deflection of the galvanometer m the same direction 
as an action potential but so much smaller that there is httle trouble m dis- 
tmguishmg the two 

Because of the sensitivity of the galvanometer, the Nttella ceU was en- 
closed m a tm cigarette box with wire gauze soldered over the region exposed 
to the lamp and leads to the galvanometer shielded These leads as well as 
the box and microscope were all grounded Only the shghtest movement 
of the galvanometer from pick up occurred durmg a discharge and there was 

■* Sensitivity 0 00077 y. a/mm , resistance 1981 ohms, penod, 41 sec , cntical 
external dampmg resistance 4800 ohms 
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no escape of current from the stimulating electrodes that affected the gal 
vanometer 

When the NtidUi cell set up in trougji A had recovered from handling so 
that cydoaiB was rapid, a make and break induced shock was given This 
stopped cycloais and set up an action potential easily detected with the gal 
vanometer Cyclosia began agam m 2 to 3 mmutes and m 5 mmutea was 
rapid Then a 20,000 volt flash was given through 1 1 mm. gl ofis. There 
was no effect on cydosis and no action potential appeared- The glass was 
then removed and a second 20,000 volt flash given The ultraviolet stopped 
the cydosis under the quarts, but ordinarily there was no propagated action 
potential. However, m five instances out of fifteen trials propagated action 
potentials appeared which could not be attributed to other causes than ultra 
violet stimulation 

If a Niiella all, set up aa m Text fig 3d, was continuously illuminated 
with ultraviolet light from the lamp run on 3,000 volt, 60 cyde A.C , cydosis 
m that half of the cell covered by quartz gradually slowed and after 4 mmutes 
had practically stopped while the <^dosis m the half under ^ass was still 
apparent In some cases no action potentials which were propagated ap* 
peared during or after the exposure. On the other hand, ctrtam cells were 
particularly sensitive and rhythmic action potentials appeared during and 
after exposure to ultraviolet light, os often as once every 1-5 seconds The 
cydosis stopped abruptly on appearance of a potential 

When the arrangement was as m Text fig 3 £, agam m some experiments 
DO riiythmic action potentials appeared The cydosis stopped under quartz 
but was proceedmg under the glass We might expect that the ultraviolet 
radiated region would become negative to a non-radiatcd region but no »udi 
effect was observed. In other cases ultraviolet irradiation gave nse to def 
mite rhythmic action potentials which immediatdy stopped cydosis These 
may be compared to the rhythmic potentials obtained from Nitdla after 
chloroform treatment (Osterhout and Hill, 1929-30) 

In eight flash trials with the B arrangement of electrodes, only three cer 
tain action potentials appeared although the cydosis was always reversibly 
stopped or slowed by the ultraviolet flash AH cells were m good condition, 
«nnri» an action potential and stoppmg of cydosis regularly occurred on elec 
tncal stimulation. Cells used for either the A qt B experiments were oUve 
next day and had suffered no irreversible changes, only those receivmg long 
treatment with low voltage ultraviolet were dead 

We therefore condude that an action potential may or may not appear 
at a region of NtteUa exposed to a sudden flash of ultraviolet light and that 
it may or may not be propagated as on exQtation wave, but the cydosis is 
always either stopped or markedly slowed Depending on its mtensity a 
fkmh of ultraviolet hg^it behaves just as an electrical stimulus which may 
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also m Nttella slow or stop cyclosis with no action potential if the stimulus 
IS weak, or stop cyclosis with a local or a propagated action potential if the 
stimulus IS strong 

Elodea canadensts is also good material for cyclosis studies Heilbrunn 
and Dougherty (1935) noted that small doses of ultraviolet mcrease and large 
doses decrease the rate of protoplasmic rotation m this plant The leaves 
used m these experiments were made up of two layers of cells, large (100-150 
[i long X 30 IX wide X 30 ix thick) on the upper surface and small (100-150 ix 
long X 15 wide X 15 jx thick) on the lower surface except near the midrib, 
where several layers were present Looked at m cross-section of the hvmg 
leaf the cyhndrical cells are quite turgid If the small layer of cells is toward 
the lamp, the ultraviolet hght would have to pass 15 ix of cellulose wall, proto- 
plast contammg nucleus and chloroplasts, large sap vacuole, another layer 
of protoplast and cellulose to reach the large layer of cells imdemeath 
Under proper conchtions protoplasmic rotation is marked m both layers of 
cells and is stopped by a flash of ultraviolet hght We therefore have m 
this plant a means of estimatmg absorption of ultraviolet 

It was observed that when the large layer with active protoplasmic rotation 
was next to the lamp an mtense flash of ultraviolet would permanently stop 
protoplasmic rotation m the large layer but the small cells underneath showed 
cyclosis, even after 3 hours If the large cells were underneath so that the 
ultraviolet had to pass the small layer, there was no stopping of rotation m 
the large cells Therefore only 15 ^ of Elodea material is sufficient to absorb 
and prevent lethal effects under these conditions 

On decreasmg the ultraviolet mtensity by makmg the spark gap less, no 
mtensity was found that would reversibly stop cyclosis A 4 15 mm gap 
(14,700 volts) had no effect and a 4 83 mm gap (17,000 volts) slowed the 
rotation withm 2 irunutes and it stopped permanently m 3 mmutes With 
contmuous exposure to the lamp run on 3,000 volts A c the rotation gradually 
slowed and stopped withm 2 mmutes There was no recovery Action po- 
tentials of these cells were not studied 

Ameboid Movement 

Heilbrunn and Dougherty (1933) have studied the effect of ultraviolet 
hght on Amoeba proteiis and A diibia, findmg that the former, which is prac- 
tically aU plasmagel, hquefies, whereas the latter, practically all plasmasol, 
decreases m viscosity and then gels 

Amoeba proteiis was used m these experiments An mtense (21,000 volts) 
flash on an Amoeba shielded from the electrostatic field and protected by 
1 1 mm of glass from ultraviolet hght caused only a stoppmg of movement 
with immediate protrusion of a pseudopod m another direction, the effect 
of visible hght as descnbed by Mast (1931) , through quartz alone the Amoebae 
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rounded up In whole or in part, the pseudopods largely disappeared, and 
adhesion to the slide was interfered with The animal*^ gave jerky move- 
menu and often became quite spherical (see Fig 1, C and D) They were 
obviously hqmd, and granules within them could be seen m moderate Brownian 
movement. Such ammaU never t^xvemd, although then sur^ce boundary 
was still distmct after 18 hours. In some imotbee the surface boimdaxy 
broke, with flow of the contents into the water 

With shorter spark gaps, an mtensity of flash could be found (4,500 volts) 
which had no effect on Amoeba protected by gjass but which stopped amoeboid 
movement instantly without glass Recovery was rapid and the AinOtbat 
were soon progreaamg o^m. With an 8,200 volt flash the hqueUction was 
very marked and long lasting 

Exposed to the same lamp run on 3,000 volts 60 cycle A-C amulat changes 
occuned over a period of a minute. The reversible effecU m Amoeba arc 
charactcnstic of mechanical and electrical stimulation and ultraviolet h^t 
can certainly be said to stimulate this animal. 

OsciUalory Movemati 

The blue green alga, OscUlalcna, and the sulfur bactenum, BegiuUoa alha^ 
both long thm filaments often colled and twisted m a mass, undergo slow 
wavy motions or sinuous progressive movements resembUng a freight train. 
The cause of the movement is unknown, although m Bematoa it has been 
attributed to flow of protoplasm outside of the cell as in a diatom, a cater 
pillar tractor effect. 

An intense flash of ultraviolet did not stop the wavy motions of long fila 
ments which projected from the coiled mass although they were completely 
exposed to the ultraviolet flash except for the buned end, which mi^t have 
been protected Completely isolated and exposed filaments showed less 
marked movement before exposure to the ultraviolet but these moderate 
movements were stopped permanently by a flash. The evidence seems to 
mdicate that a filament can move after ultraviolet treatment if only one 
end of it IS protected but not if it is wholly exposed. 

Ciliary Movement 

Ciliary movement is often mdependent of stimulation However, in free 
swimming organisms some aUa appear to be under the control of the organism 
and stop beatmg on nerve stimulation In a few instances aha on epithelia 
can be started by mechamcnl stimulation if they have been slowed or stopped 
by adverse conditions such as aad or cyanide. The dha of the frog's pharynx 
are likewise started by imtatlng substances which set up a reflex through 
sympathetic nerves, while parasympathetic fibers alow the ciliary motion 

Nervous control of the dha of the mollusc gili is not yet certom (Lucas, 
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1931) Usually these ciha are beatmg rapidly and are not stopped by any 
kmd of stimulation However, m the dam {Ventis) they are umnediately 
rendered unmobile by a flash of ultraviolet hght (21,000 volts) all stopping 
at the end of the forceful stroke, irrespective of the position of the metachronal 
wave, as shown in Fig 1 F There was no stoppmg when protected by 
glass The effect was not due to lack of oxygen, for ciha on under layers 
of the gill to which the ultraviolet cannot penetrate were still moving and on 
removal of the quartz cover shp the unmobihzed ciha did not start beatmg 
agam, even after an hour 

Lesser doses of ultraviolet also stopped the cilia but more time was neces- 
sary For example, with 12,000 volts the flash had no immediate effect but 
m 3 minutes the cihary movement was somewhat slowed, with 14,000 volts 
the cilia quickly slowed and were stopped in 3 seconds There was no re- 
covery m 15 minutes 

When exposed to ultraviolet from the lamp run on 3,000 volts -v c the rapidly 
beatmg ciha gradually became slower and slower and had practically stopped 
m 3 mmutes, always at the end of the forceful beat There was no recovery 
These effects of ultraviolet light are obviously lethal and not to be considered 
a response to stimulation 

Cilia and flagella are so small that they may be expected to readily absorb 
ultraviolet and one universal observation is the cessation of such movement 
m cells, whether the organism itself goes to pieces as the result of the ultra- 
violet flash or not Thus Euglena, Volvox, Chiloinonas parameaum, Spirillum 
volutans and Arbacia plutei stopped moving mstantly after an ultraviolet 
flash while the cells remamed undismtegrated With dark field, some flagella 
were observed attached to Eugleiia but m most they were not visible, although 
they are also diBucult to see in the hvmg Euglena Spirillum was more resist- 
ant to ultraviolet and orgamsms could be seen movmg slowly after a flash 
Then flagella could be observed with dark field, wavmg so slowly as not to 
propel the orgamsms Clnlomonas paramecium stopped mstantly after an 
ultraviolet flash and went to pieces within a few mmutes with bleb formation 
None of these organisms were affected by the light which wfll pass 1 1 mm of 
glass 

The ciliates are universally destroyed by a strong ultraviolet flash (21,000 
volts) the exact consequences dependmg on the mtensity of the ultraviolet 
and size of the animal Thus Stylonycha, Chilodonella, Coleps, Urocenirim 
turbo, Paramecium bursaria, Epislylis phcahlis, Slentor coeruleus, Biirsaria 
trimcalella, and Frontoiiia went to pieces withm a few seconds after a flash 

The Bursariae observed were 350 y. wide and 480 y. long and the ultraviolet 
affected only one side of the animal which dismtegrated, leavmg movmg cilia 
on the other side and m the oral groove The coiled nucleus was half ex- 
posed and the ammal rotated m circles, later becommg practically spherical 
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but living for some time. None of the above orgamsroa were affected by the 
light from on intense flash (21,000 volts) which will pass glass 

Multicellular ammals are not ao ea^y affected Rotifers may be observed 
movmg about actively when Infusona arc disint^nvted. The rhabdocoele, 
SUnoslommi^ which moves by dha and contracts by muscles stopped m 
stantly after the flash and in a few seconds had dismtegrated on one side 
(where the ultraviolet had struck) and was soon a mass of debns (Fig 1 E) 
and nauphus larvae moved for a few minutes but were soon affected, 
Duphnta was more resistant but eventually died, while chironomid larvae and 
mites were very active for a long time. We may expect large forms covered 
with chitm to be quite resistant to an intense dose of ultraviolet bght 

Hydra fusca and PlunuUdla sp , a fresh water Bryotoan, were quite iin 
affected when protected from a flash (21,000 volts) by electneal shielding 
and glass. When the glass was removed a flash caused immediately retiac 
tion m both animais with subsequent expansion The hydras were active 
and the plumatellas looked normal for several hours but within 16 hours 
both were dead although controls not exposed to ultraviolet were alive and 
active. In these forms there Is cither reflex contraction or a direct effect of 
the ultraviolet on muscles of the animals 

A single flash of ultraviolet light caused contiactioD and breaking up of 
the chlorophyll bands of Spirogyra, prevention or slowmg of cleavage of 
fertilized Arbaaa eggs, and the formation of fertilization membranes, which 
pushed out on one side only, m unfertilized Arbaaa eggs.* 

Afyotiema 

An 18,000 volt flash did not affect Vortxcdlat in any way if protected by 
glass but without glass the animals immedulely contracted and expanded 
several times after the flash Tlic < 7 tosome was retracted also With lower 
mtensities the contraction was delayed somewhat and the aninvii.n kept con 
tracting and expanding as if Irritated A similar behavior was noted on 
contmuous exposure to 3,000 volts a a exatation of the lamp After some 
seconds a senes of contractions occurred whose relaxation became mcrcasingly 
difficult. The aTiimais finally stopped movmg and the stalk slowly went mto 
the contracted condition 

Epistylu behaved in a similar manner, retracting the cytostoiac and be- 
commg a roimd ball which only partially expanded after the more mtense 
flashes. The peristomal dha could be seen beating withm. Stentor comtleus 
also rounded up after a flash 

There can be no doubt of the response of myonemes to ultraviolet bght. 

• Observationa in collaboration with Dr Ethel B Harvey 
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Bioluminescence 

There are two processes m luminous bactena which can be observed, the 
luminescence and the movement due to flagella Two forms® of bactena in 
3 per cent NaCl with phosphate buffer, mounted on depression shdes under 
quartz^ and under glass were observed One, Achroinohacter fishen is not 
as brightly lummescent as A harveyt, both are motile The results were 



Before flash (21,000 volts) 

After flash 

A fishen under glass 

Fair hght, moble 

1 Fair hght, motile 

“ “ “ quartz 

<( l( (( 

1 No hght, non-motile 

A hareeyi “ glass 

Good “ 

Good hght, motile 

“ “ “ quartz 

(t (( It 

' Very faint hght, non-moUle 


Thus a smgle flash of mtense ultraviolet is able immediately to reduce the 
luimnescence mtensity, as does the prolonged exposure to weak ultraviolet 
so carefully studied by Beijermck (1916), Gerretsen (1915, 1920), and Giese 
(1941) 


SUiOIARY 

A Study has been made of the effect of sudden mtense flashes of ultraviolet 
hght, actmg on a wide variety of cells and tissues, with speaal reference to 
stimulation 

The flashes are obtamed by a high voltage condenser discharge through 
a quartz mercury vapor stenlamp, usmg the method of Rentschler The 
lethal effect of a smgle such discharge is widespread among unicellular or- 
ganisms 

MeduUated nerves and whole muscles are not visibly stimulated, because 
of absorption by connective tissue Smgle muscle fibers undergo immediate 
contracture m 50 per cent of the experiments 

Nilella cells are stimulated, the effect dependmg on the dosage Weak 
ultraviolet flashes slow or stop cyclosis reversibly Strong flashes stop cyclosis 
reversibly with the appearance of a local or a propagated action potential 
Very strong flashes kill the Nttella cells 

The effect of smgle flashes on myonemes, oscillatory movement, ameboid 
movement, cdia, flagella, and biolummescence is described in the text 

® I am deeply mdebted to Dr F H Johnson for the speaes of bactena and for aid 
m the observations 

^ The fused quartz of the lamp is bngbtly phosphorescent after a flash as are the 
fused quartz cover glasses These had to be removed to detect lummescence or 
darkness m the bactena Crystal quartz is not phosphorescent 
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EXPLANATION OF PLATE 5 

Fig 1 Spectrum of ultraviolet flash Sht width 0 1 rmn Scale at top gives wave 
lengths Above and below the eleven numbered spectra is a mercury hne spectrum 
from a quartz stenlamp run on 3000 volt 60 cycle A c (40 seconds exposure) 

(1) One flash discharge, 21,000 volts 

(2) One flash discharge, 21,000 volts through 0 17 mm glass cover shp 

(3) One flash discharge, 21,000 volts, through 0 99 mm glass shde 

(4) Two flash discharges, 15,500 volts 

(5) Four flash discharges, 11,000 volts 

(6) Twenty flash discharges, 4500 volts 

(7) Two hundred flash discharges, 1500 volts 

(8) Four flash discharges, 21,000 volts 

(9) One flash discharge, 21,000 volts through 0 09 mm cellophane 

(10) One flash discharge, 21,000 volts of a krypton filled lamp 

(11) Krypton lamp run on 3000 volts, 60 cycle, A c , 400 seconds exposure 

(A) Rapidly movmg normal Paraviecta photographed with a 9000 volt flash, 
protected with glass 

(B) Paramecta photographed immediately after a smgle 21,000 volt flash ofultra- 
violet hght 

(C) Avwela proteiis before and (Z?) immediately after a 21,000 volt flash 

(F) The rhabdocoele, Stenostoumm, immediately after a 21,000 volt flash Note 
dismtegration on one side (toward the ultraviolet hght) 

(F) Edge of the gill of a clam {Vemts) immediately after a 21,000 volt flash, show- 
mg rmmobihzation of the cflia at the end of the forceful stroke 
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EXPLANATION OF PLATE S 

Fig 1 Spectrum of ultraviolet flash Sht viadth 0 1 mm Scale at top gi\ ca > 
lengths Above and below the eleven numbered spectra is a mercury Ime sp 
from a quarti: stenlamp nm on 3000 volt 60 cycle A a (40 seconds exposure'' 

(1) One flash discharge, 21,000 volts 

(2) One flash discharge, 21,000 volts through 017 mm glass cover slip 

(3) One flash discharge, 21,000 volts, through 0 99 mm glass shde 

(4) Two flash discharges, 15,500 volts 

(5) Four flash discharges, 11,000 volts 

(6) Twenty flash discharges, 4500 volts 

(7) Two hundred flash discharges, 1500 volts 

(8) Four flash discharges, 21,000 volts 

(9) One flash discharge, 21,000 volts through 0 09 mm cellop! 

(10) One flash discharge, 21,000 volts of a krypton filled lam 

(11) Krypton lamp run on 3000 volts, 60 cycle, A c , 400 si 
(^) Rapidly movmg normal Parantecta photographed ' 

protected with glass 

(B) Parameota photographed immediately after a sing! 
violet hght 

(O Amoeba protetis before and (p) immediately aft' 

(£) The rhabdocoele, SUnostovum, immediately 
dismtegration on one side (toward the ultraviolet 
(F) Edge of the gill of a clam {Venus) immtf! 
mg immobilisation of the ciha at the end ot 



A SIMPLE TIME WEIGHT RELATION OBSERVED IN WELL 
NOURISHED RATS 

Br LOIS ZUCKER and THEODORE F ZUCKER 
(Fwn tilt Depcrimerxi of Potkoloiyy ColUge of Physutans and Surgeons, Columbia 
Unnerstty, N€V York) 

(Rectivtd for pablicatiOQ, August 28, 1941) 

The newer knowledge of nutntion as applied to the general physiology of 
growth auggeata a fundamental re-ovaluation of previous growth data and 
previous growth formulations, A careful analysis of the situation (Zucker 
ci al , 1942) with particular reference to the rat, the speaes most mtensively 
studied by nutrition workers, has led us to two general conclusions 

1 The only experimental conditions which can possibly lead to growth 
according to any relatively simple law require a diet which is adequate for the 
most rapid growth attainiLble by nutntional means. Under these conditions 
only can the growth curve be a pure expression of the inherent growth charac 
tenstica of the organism If on the other hand the rate of supply of one or 
more of the long list of chemical compounds required for mamtenance as well 
as growth is reduced below sudi a level, the resulting growth simply expresses 
an arbitrary limitation imposed upon the organism by the mvesugator (whether 
he realizes it or not) The rate of supply of each one of the essential food fac 
tors 13 indeed a separate variable of the growth problem, varymg not only with 
the diet but also with time, because the requirements for various factors change 
as growth proceeds. It is only if the rate of supply fully meets or exceeds the 
mfixlmiim requirements at any age that these coropUcated nutntional yanables 
will no longer affect the growth rate, and a tremendous mathematical simpU 
fication IS then to be expected 

2 Most growth data m the. Uteralurc which have been, used by students of 
growth probably fail to meet good nutntional standards. The whole growth 
problem has been confused and more or less run mto a blank wall by the re 
peated workmg over of the same old data There is a fundamental flaw in 
those data New data ore needed which do meet reasonable nutntional stand 
ards, and a useful, if perhaps limited, start can be made with a smglc speaea-- 
the rat- 

Elsewhere we have made a detailed presentation of data on the growth of 
normal rats of our albmo colony (Zucker ei ai , 1941, and 1942) , these data are 
shown graphically m Fig 1, together witfi a mathematical formulation which 
has been found satisfactory We have presented detailed evidence mde 
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pendent of the exigenaes of curve fitting with any particular equation for the 
separate treatment of pre- and post-weamng growth data on both nutntional 
and developmental grounds Of the two equations which were then found to 


W«aks from Birth 



Fig 1 The upper left curve is a weight tune plot of the growth of female albmos 
of this colony, the axes are those mdicated at the left and top of the figure The lower 
nght pair of straight lines are a log weight, reaprocal tune plot of the same female 
data from 4 weeks on, and of our male data, the axes are those mdicated on the nght 
and bottom of the figure The finer Imes on either side of the data points m each case 
represent plots of TF + <r and W — o- on a weight, or log weight, axis, as the case 
may be With a normal frequency distnbution of weights % of the observations 
would be mcluded withm the band so defined In the weight time plot the spread 
IS smaller than the diameter of the data pomts for the small imtial weights 

Curve 1 m the weight tune plot has the equation log W = 2 88 log T — 3 182, T 
bemg days from conception Curve 2 m the weight tune plot, and also the straight 

2 84 

hue for the females m the log reaprocal plot, has the equabon log W = j — h 

log 270, t bemg weeks from birth 


fit the two postulated growth phases, the log log equation for the earlier phase 
has been successfully apphed m other species as weU (see MacDowell et al , 
1927 and 1930), but the log reciprocal equation which fits the data from 3 weeks 
on IS apparently new (see footnote 3) 

A k' 

The Log Reciprocal Equation, In — = - — There can be no doubt as to the 
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practical value of tlie equation It fita almost the entire life period very tvcU, 
and It la simple enough to allow a direct plot of the data on a In TV \ji gnd 
(as shown in Fig 1) characteriied by a ^read of the individual weights around 
the mean which remain s beautifully constant at all ages. It two 

parameters A, the value approached b> the weight as time mcreases without 
limit and hence an inherent siae factor, and k'', a growth mtcnsity factor 
IS of course the slope of the In TT - 1// plot, and In A is the intercept (at l/# = 
0) As shown m Fig 1 the equation has a pomt of inflection, and this is fixed 
at TF * 0 135 A. The equation is of entirely empirical ongm, but ihiiji fact 
does not of course have any bearing upon its possible general validity, whether 
It is merely a concise summary of these particular data or whether it baa a 
wider applicability and any general biological significance can only be deter 
mined by further study 

Comparison vnih OUier Growth Equations — First let us sec how this equation 
compares with other growth equations which ha\e been suggested Fig 2 
compares the fits to our female growth data obtamed with various growth equa 
tions This compansott is made on the abflity to fit either the post weaning 
data alone, or both pre- and post weaning data The questions posed arc 
these 

1 In the past it bos been found that most of these equations were not able 
to fit the entire life penod, and it was necessary to assume growth cycled to 
eiplain the discrepanaes. Is it possible that some of these equations can fit 
the entire life penod, thus makmg the assumed cycles unnecessary, if nutii 
tional distortions arc absent? 

2 Assuming that our analysis into two phases of growth is valid, how do the 
various equations compare m ability to fit the post weaning data representmg 
the second phase? In this comparison it seems that we are applying the 
equations of Backman, Hatai, Gompertz, Brody, Fearl, and Bertalanffy In 
the manner m which they are usually applied to growth data. Crozier and 
Robertson would presumably apply tbdr equations very diScrently, since 
they have offered cychc analyses of growth which break up the post weaning 
weights into portions separately fitted to their equations It must therefore 
be understood that we are mvestigating the properties of their equations, and 
not of their complete formulations involving equations and cyclic analysis 

The equations arc listed m Table I m various forms which may be of mterest. 
It may be noted that almost every one of these equations is ^^theoretical,” m 
the sense that it derives m some way from a theory of growth, or can be pro- 
vided with some sort of ratlonaliration most of the constants in the equations 
have mdependent meanings m terms of the various theories of growth (see 
summary in Zucker ct al , 1P42), but their numerical values arc not predictable 
from the theory and they are therefore treated as adjustable constants in 
fitting data. A few equations bsted In Table I have not been applied in Fig 
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2 The equations of von Hoesslin and Fischer have very unsuitably late points 
of inflection, and have not been tned for this reason The Robertson equation 
has been fitted m spite of its late pomt of mflection because of its histoncal 
interest and its widespread acceptance even today as the theoretical growth 



Fig 2 Comparison of the abdity of various growth equations to fit the growth of 
our female rats The data are plotted as weight agamst time References to the 
vanous equations are given m Table I Where more than one curve is plotted and 
the curves cross or come together, they are numbered at cntical pomts In the case 
of the Backman equation, curve 2 is not the same form of equation as curve 1, but 
IS a simplified form (see Table I) In all the other cases with more than one curve 
plotted, the different curves are compromise attempts to adjust the equation to vari- 
ous regions of the data 

equation No attempt was made to fit Wetzel’s equation, or Pearl’s equation 
contammg more than four terms m the power senes, because of the large 
number of adjustable constants m both cases which make the equations very 
difficult to apply, and which make the mterpretation of a good fit as contnbu- 
tory evidence of biological significance very doubtful Snell (1929) has quite 
properly pomted out that Robertson’s and Crozier’s equations are mcorrectly 
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derived from their commoa basic assumption that a chemical reaction deter* 
inmes the rate of growth, and has suggested corrected forma We have not 
worked with these corrected forms prmapally because the correction is also 
in error, so that the "corrected’* equations are m no way preferable to the 
ongmala Snell’g entioanx is perfectly valid, but it is m the attempted apph 
cation of the cntiosm that the error has crept In 


A few words of explanation seem to be in place since the point has apparently been 
passed over without noUce, In the ongmal denvaUons of Ciootr and Robertson 
the expression for the rate of a chemical reaction was wntten in terms of wogbt of 
reactants rather than concentration, or weight/volumc, as required by the laws of 
chttolcal kinetics. This is indeed a serious flaw in the rationale of both equation*, 
SneH reasoned by analogy with tha course of a chemical reaction going on m Identical 
fioludons in several different beakers that the desired rate of change of weight Is given 
by the product of the volume and the known rate of change of wdght/vohime, or 
concentahott. This analogy is not a proper one, because m the analogue the volume 
of the system does not change dunpg the course of the reaction as it does in the grow 


mg cells and body fluids 
dlT 


The proper expression for 


d(ir/V) 1 dTF 


IF ^ 

F* dr 


which reduces to 


£ 

V 6T 


dT V dT 
the exprtisioa used by Snell, only when V does not change 


with time Interestingly enough if the proper expressa on for 


d(TV/V) 

dT 


13 inbroducvd, 


S 0 eU *8 assumption that the rate of increase m F is proportional to the rate of fneresse 
in IF leads to equations of the same fonn as the onginal uncorrected equations in 
both cases, the only diflercncc being that the adjustable constants have dificrent 
interpretations. 


In judging the fit in Fig 2, the range of variation of individual weights from 
the means shown m Fig 1 should be borne m mind On a weight time plot 
the spread is much aroailer for small weights than for large weights. Consider 
mg tins experimental vonation, it must be concluded that no one of the aqua 
tiona in Fig 2 provides an acceptable fit to both pro* and post weaning data 
Reatncting consideration to the post weaning data alone, one can see that only 
Bactmon’s equation 2 and our equation provide fully satisfactory fits to the 
post weaning data (sec footnote 3) 

Fit of Uie Xuj Equation to Qthtr Rai iPofo, — Several other sets of 

rat growth data ore available which appranmate our nutntional requiremenU 
and which cover parts of the post weaning period Fig 3 shows that the log 
reciprocal equation is competent to fit such data from other laboratories, on 
other colonies and diets The tits arc surpnsmgly good except for the nutfi 
tionally poor Donaldson data which were included for comparative purposes, 
even m this the form of the deviations from the log reciprocal equation is 
in excellent agreement with our conception of the effect of the dietary made* 
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E.VPLjWVTIO\ of T\BLE 1 

AU vambla art itolidied H' u » tisht / u «ea from T a igr from conap^tion, A 
i. the fmal weight e B the natural bole of logorithma. Natiml logonthnB arc used thrtwgh 
out in order to a«ui a coDtenron factor in the differential form The last column shou . 
the location of pointe of inQecUon and maxima m the weight time cune conditions for 
smsuUr points are too elaborate for tabular form la the Pearl and WeUcl equaUons and the 
reader is referred to the original publicatwa*. BtJitKau—tcc Backroan 1931 1938 a b 
Zucker d d 1942 footnote 3 bclo\r Dockman has not published an Integration for equa 
Uon 1 The differential form can be fiUed to data In the usual wa> for equations of the form 
y - a 4* bi + cx* followed b> graphic mtegraliom Equation 2 Is con\ciuentl\ hlted bi 
plotting b (A — 110 for various aswimcd \ti1ucs of A against In T and delenruning the best 
straight line- Uatat—tec Pearl 1907 Hatai 1911 EtonaJdsoa 1924 Zucker ct al 1942 

dlP 

The equation a convenient)) fitted b> plotting against 1/f and determining the best 

Etiaight line followed by calnilaimg the best overage value of the nlcgration constant 
Zw*cr— see Zucker d d 1941 and 1942 Filled by plolung In U against \/l and deter 
mining the best straight line CamptrU — seeWmsor 1932 Hackman 19J8tf Lumer 1937 

Fitted by plotting In la — for varwos assumed value* of A against T and determining the 


best slral^t line Note that the Zucker equatloo predicts a straight line plot of In In — 

against In i rather tbsn I or T ffroiy— see Brod) 1925 1926 19270 h Ludwig 1029 
Kaufman 1930 Zucker d d 1942, Tilled b> plotting In ( V — U ) for varxms assumed 
values of A against T and dctermiouig the best straight bnc. Note that the Backman equa 
tJOQ 2 predicts a straight Uce plot of In (A — IV) against In T rather than T see 

Robertson 1907-08 1923 1926 Pearl 1924 Ludwig 1929 Brody I927u SchmalhauKn 
1929 Needham 1931 Backman, 1931 1938o von Hoesilin 1930 Wmsor 1932 See 
Robertson 1923 for methods of fitting CrtUi / — see Croiicr J926 Robb 1929 Brod) 
1927 a The second form given for the integrated equation a verj si milar to the equation 

In ^ ^ - Kr + c often called the general logoUc used byEnnques 1909 Robertson 

1926 and Lumer 1937 The onl) difference is that Croiicr^s equation has onl> three iod©- 
pendent adjustable constants os against four in the general logistic. Both equations have 
three imlepcndent adjustable constants m the differential form, m the Croxicr equation the 
integration constant is evaluated in terms of the other three constants, making the condluon 
that TV - 0 at icro bnic. PeuW— see Pearl 1924 Brodv 1927 a Ludwig 1929 A method 
of fitting involving the use of selected poinU at equal intervals on the time scale has been 
worked out by Pearl, 1924, ton Bcrtdumjy—tcc von Bcrtalanff) 1934 1938, Plilter 1920 
Ludwig 1929 Fitted by pbtUng In (A*^* — llrtrt) for various assumed values of A against 
t and determining the best stral^t line:. The equaUoo differa from Drodj s onl) fn the 
exponent of A and TV but this difference introduce* a point of inflectaon, FUckcr—tec 
Fuchcr 1928 Ludwig 1929 This equation n related to Robertson s in the same way that 
von Bertahmffy 1 11 to Brody’s, wn Hocnliit— sec von Hoesslm 1926-27 1930 1931 I932 
1934 Zucker rt of 1942. TVrt^-sec WetxcL 1932-33 1934 1937 Zucker et d ' IWI 
The constants in the differential form are those vrith meanings In terms of Wetxel s theorv 
The Integrated equation written In terms of these constant* 1* very long* It Is written 1 
Tabk I in xunplest form but mth the same number of Indepcndeat conslanU many of which 
are complex funtUons of the theoretical parameters which appeax In the differential 
and of the two integration constants, 
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Fig 3 Log reciprocal plot of the growth of vanous rat colonies on diets optimal 
lor gro\\th 1, Mendel and Hubbell, 1935, 2, Smith and Bing, 192S-29, 3, HlaiTiard, 
1930 4 Mac\ i/n/ , 1927, group labelled ‘stock diet”, 5, Freudenberger albinos, 1932, 
6 Spern and Sto\ano£f, 1934, senes III (detailed gronth data kindly' supplied b\ 
Dr SpciTx ) 7 King, 1915, 8, Donaldson ct al , 1906, 9 and 10, Evans, 1923-24, senes 
I and II (circles are controls and crosses are pituitan injected), 11, Hart and Cole, 
1939 (circles are controL crosses are females repeatedh bred), 12, Freudenberger 
Long- Evans strain 1932 13, unpublished data on the growth of our colon.v of Long- 
Evans rats in 1931 and 1932 on our regular stock diet 

All the data lor one sex are plotted on the same reciprocal time scale, but in order 
to -eparate the lines the log weight scales are separated b> 0 2 or 0 3 loganthmic unit 
For onentation therefore we have wntten in on each bne the values of 11 at 4 weeks 

and at ^ = 0, II = 

The ongmal figures lor mean weights were available for numbers 2, 6, 7, 8, 9, 10, 
13 Plotted points in numbers 5, 11, and 12 are ongmal data points read off the 
published graphs Plotted points in number^ 1, 3 and 4 were read off the published 
smooth curves at suitable intervals, since the ongmal data points were neither tabu- 
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quacica upon growth (Zuckcr d , IWI) The Donaldson rats are under the 
greatest liutnUonal groxrth inhibition dunng the early penod when the m 
hertnt growth impulse calls for the most rapid growth and when nutritional 
requirements are therefoic most cntlcal As the effect of the inherent growth 
impulse slows down, nutritional requirements become less cnticai, the same 
diet betxiroes gradually more adequate, and the rats gradually rtjcover spon 


lated nor plotted The graphs which had to be depended upon as sources for many 
of these sets of data are unfortmutely very small. 

Freudeabetger {numbers 5 and 12) did not reject aahnah which were losing wei^t 
from his meant King (number 7) did to, and we have done so with our data and 
with the data of Evans, who published his individual wagbts. We have no infer 
nution on how the other diU are constituted la this respect 
The Kong data ore among the earhest. The diet — “selected table scraps is not 

very well characterized, but could be quite good by current standards The points 
have a very unfortunate dutnhution on a log reapitocal plot because of the large 
intervals between weighings and this makes it diiScult to dedde upon a £t 

We are presenting the evidence for the abihty oi the log reaprocal equation to ht 
these data in the fonn of a log weight reaprocal time plot rather than a direct weight 
time plot because it appears from our data that this u the most generally satufactory 
manner of presentation. It results in a straight Ime with the eapenmoiul error, or 
range of vanation around the mean, covering a band of constant width throughout 
(see Fig 1) Gray (1923) has emphasized a danger in the loganthrmc plotting of 
weight data ‘Where a process of growth involves the use of a loganthmlc function 
It is vc^ unwise to trust to graphical methods takij ii can bt shown lkotPteraiu> oj 
^ohdAe error to ike mean u consiani durtng iho yokoU peru4 of grtnoik the only 
real test consists in a companson of observed and calculated valuea. (Italics one 
ours.) Our data satisfy the qualifying requirement hid down by Cray that the ratio 
of the probahie error (or standard deviation) is constant during the whole penod of 
growth. The constancy Is only approximate but any fluctuations are second order 
edects as far as the presen Cdiscusston iscoaceroed. Under these condidons a weight 
tune plot, or a tabulation of calculated and observed weights as suggested by Gray, 
is an inferior method of compansoo because deviations are of constantly decreasing 
biological significance and must be mentally corrected at the hand of the information 
con tamed in a tabula tion or plot of probable errors or itzadard devia dons as a f unctloii 
of weight Under our conditions it is precisely a logarithmic plotting of weight which 
provides the most balanced presentation of the data and their agreement with a par 
ticular curve, we have no reason to suppose that other data differ markedly from ourj 
in this reflect fig 2 would be veiy much improved if it inwdved a log weight time 
plot rather than the direct weight time plot for just this reason , wc chose the inferior 
presentatioa partly as a concession to custom partly as a practical demonstrabon 
It IS neoessary to emphasize this point because Gray has been widely quoted as show 
iug that loganthimc plotting is without exception or qaalificatiou a biased unfair 
manner of presentation (Richards, 1935, Huxley, 1932, see also Davenport, 1926) 
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taneously The late point of inflection and rapid cut-off found in several of 
the equations of Table I and Fig 2 are quite characteristic of such nutritionally 
inhibited growth with spontaneous realimentation, in so far as these equations 
were designed to fit distorted growth curves they were made unsuitable for 
normal data 

The agreement m the case of the Long-Evans rats is of mterest, for these 
rats are of a very different stram from our albinos They are the descendants 
of a cross between one wild gray Norway male and a few laboratory albmo 
females Kmg has reported m some detail on the growth of captive grays 
(Kmg, 1939), these are descendants of wild Norway grays and therefore 
represent the other component of the Long-Evans stram The data cannot 
be fitted by the log reciprocal equation, but it is possible that the diet is faulty, 
these animals were not raised on the diet previously used for Kmg’s albmos 
(Kmg, 1915), which was composed of selected table scraps, but on a diet of 
cooked cereals Kmg specifically says that no attempt was made to provide 
a superior diet 

Of further mterest is the presence among the available data obtamed on 
known good diets of two examples of growth stimulation leadmg to “super- 
normal” growth which are also fitted by the log reaprocal equation The 
Evans data are two senes of females given daily mjections of antenor pituitary 
substance The Hart and Cole data represent the maximum stimulatmg 
effect of pregnancies upon growth, this was obtamed by puttmg the rats 
through nme to ten successive pregnancies and lactations startmg at 4 weeks 
of age, at which time precocious sexual maturity was mduced by injectmg 
gonadotropic hormone This hormone has no effect on growth per se 

The Parameters of the Equation — ^The values of the parameters for the 
several sets of data are presented m Table II The albmo colomes all show 
approximately the same k for each sex, this expresses itself m Fig 3 m the fact 
that the hnes are parallel These colonies appear to differ only m mean size 
(A) The descendants of the cross between albmos and grays do not show a 

constant k, but the ratio is m good agreement with that characteristic 

kfemale 

of the albmos The obvious mterpretation of these findmgs is that k, or rather 
the pair of values kmaie, kcemau m a fixed ratio, are associated with the genetic 
constitution of the rat At any rate the parameters defined by the equation 
not only can be given rational mterpretations but are shown by the hand of 
data to provide an analysis of growth mto two components of practical useful- 
ness and significance 

The approximate constancy of k for female albmos, and mdeed the absence 
of a break m the female growth curve as fitted by the log reciprocal equation 
seem to be m disagreement with the findmgs of Cole and Hart (Cole and Hart, 
1938, Hart and Cole, 1939) These findmgs mdicate that k is very greatly 



LOIS rUCEEA AKD XHEODOEE F ZUCKEB. 


455 


increased by pregnancies over the value chaiactenatic of unmated females, 
one would expect rats first bred at 17 weeks as ours are to show an immediate 
increase in k, producing a break, and one would also expect the mean k for 
different sets of data to be somewhat different, since colony practice with 
respect to the age of first breeding and frequency of breeding differs. Neither 
eii>ectation is met, the female data behave m every way like the male data m 
which no disturbing effects are expected. It may be that breeding must be 


TABLE n 

Tkt ParentUn af Uu Log Etdpfocai EquaUvn 


No 


1 FouaIu 








n 


k ' 

A 

MM 

lU 



Albloot 







: Authon* dsta. 

2 S4 

270 

3 65 

470 

1 29 

1 

Mcadel-Habbefl (1935) 

2 84 

380 ' 

3 73 

650 

1 31 

2 

Smith Bing (1928) 

2 76 

316 

3 67 

548 

1 33 

3 

1 Mmyiurd (1930) 

2 93 

314 ' 

3 83 

535 

1 31 

4 

1 Mifiy «i oL (1927) — group labelled btock 

2 86 

278 

3 66 

484 

1 28 


diet” 






S 

Freudenberger (1932) 

2 SO 

282 

3 70 

440 

1 32 

6 

Sperc7>Stoyuo9, icrlea lH (1934) 



3 68 

476 


7 

King (1915) 

(2 98) 

251 

3 73 

360 

(1 25) 


Loaf Etuu 






9 

Evana — noenui 1 (1923) 

3 19 

351 






4 21 

565 




10 

Evtna — Donnal H (1923) 

2 56 

331 






3 46 

519 




11 

Hart-Cole — normal (1939) 

2 33 

1 359 





Hart-Cole — pregnant 

3 32 

1 480 




12 

Frendenbcrger (1932) 

2 93 

1 318 

1 3 96 

556 

1 35 

13 

Aothora data 

2 46 

1 263 

3 34 

432 

1 36 


k was ctkniktfd for commoa logaiitkmi, and b m imlta d veekt. A b In grams. 


started very early, earlier than la customary m breeding colonies and canned 
out mtensrvely m order to affect k sigmficantly 
The Relation with Beteroiony — ^The equation 

InlF, - Klniy.+ lnC' 

IS the viell known law of relative growth (heterogony of Huiley, 1932) IK, 
and TK, are weights, or other measures of growth, of two organa or porta of the 
body observed at the same tune (or of a part and the whole) The equation 

IS equivalent to the statement that the specific growth rates ~ 15^ of the parts 

IK dl ^ 
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function, which we might call the growth function R, tune growth and relative 
growth take the very simple forms 


Rit =» ki' 
Rif = k2' 


h' 

Ri « R2 


or mverse proportionality between R and age, and direct proportionality be- 
tween i?’s for difierent parts of the body The time denvative of Rib — ~ 

dW ^ 

— , the negative value of the specific growth rate R is oi course a quantity 

which decreases as the animal grows, approachmg aero at the limit weight, so 
that its time denvative is of opposite sign from the time denvative of an in- 
creasmg quantity like TT or In IT The time rate equations then take the 
forms 

^ i, i. ^ 

diJj it2 Ri ^ 

~~6t “ 7 

Many growth equations mtroduce the limit weight A m the term (A — W) 
This IS by no means suitable as a measure of growth status, as can he seen 
from a consideration of the natural variation m IF as IT approaches A The 
coefficient of variation of IF is approximately constant throughout life (Zucker 
et al , 1942), this means that a gram of weight gained or lost, or a gram dif- 
ference between any two animals, is of less and less significance to the animals 
as they get larger, smce it occurs with steadily increasmg frequency, and m 
fact that the biological significance of weight differences is best measured on a 
percentage scale of IF, or on an absolute scale of In JF This is reasonable 
on general grounds, when one considers that food and water intake mcrease 
with weight, and that a given degree of growth activity for the growmg parts 
of the body must result m a larger absolute gam m a large rat than m a small 

A 

rat Now let us see how In — changes with a given percentage change m 

w 

weight It is obvious that 

A dPF 

dlu-=-dlaIF = -~ 


Thus a given percentage mcrease m JF, represented by ~ , produces the same 
change m In ^ always, at all values of TF, and this function therefore correctly 
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evaluates the effect of a change m weight upon the growth status 
obvious that 


d In (A - IF) 


IF dIF 
A ~ IF IF 


It IS also 


A given percentage difference in IT registers a difference in In (A IF) which 
increases rapidly as IF approaches A (because of the A — IF term, which 
approaches 0, in the denominator) Thus a small percentage mcrement in 
IF which 13 of the same biological significance at all values of IF, la incorrectly 
eatuuated by the function In (A — IF) to be very much more important at 
values of IF near A than at values fer from A Assuming an A of 270 gm , a 
1 gm chan^ in a rat weighing approiunately 240 gm. should according to 
this function represent the same change m growth status of the animal as an 
8 gm change in a rat weighing approximately 30 gm. As a rat approaches 
the limi t weight the normal fluctuations around the equilibnuin weight deter- 
mined for that time by its inherent growth curve should be limited to fractions 
of a gram and finally approach 0 Yet the weight of such an ftnirnai near its 
Umit wei^t is just as much determined by a dynamic equilibnum between 
processes causing gam m weight and processes causing Joss m weight as m the 
rapidly growing animal, it is not reasonable to expect these processes later to 
become so much more finely balanced m their operation. 

All the other A — IF functions behave in mtnikr fashion 


IF A dlF 

“A-IF“A-iriF 


B + IF ^ ir(A -f B) ^ 
“ A - IF " (B + IF)(A - IF) IV 


d la (A^ - IF^) 


-jlF^ dlF 
AU» - IF^^ IF 


Each of them has a term In the denominator which approaches 0 as TF mcreases 
We bring these points up particularly because Brody et al (1937) proposed 
an alternative law of relative growth 

la (Al - IFd - K In (A, ^ IFO + In C 


and Robertson (1907-08) long ago proposed the law 
^ IFi ^ , IF» 


Ai-TFi 


• Rln 


A,-IFi 


+ lnC 


which arc suggested by their respective tune growth equations Aside from 
the difficulty m mtcipreting the In C terms m these equations, the terms In 
IF 

(A — IF) and In ^ which are mtended to put the different bodily parts 
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on a comparable basis mdependent of their vanous and widely different sizes, 
are not suitable measures of growth status It is mterestmg to note that 
Brody, whose tune growth equation contams the A — IF term, and whose 
derivation defimtely mterprets A — IF as a measure of growth status, never- 
theless consistently prefers the function IF/A as a practical measure of growth 
status m comparmg growth curves 

The Time Scale — In our growth formulation the tune scale for pre-weamng 
growth (which hke embryomc growth mvolves extensive histo-chfferentiation) 
is referred to conception, and the tune scale for post-weanmg growth (which 
IS prmcipally mcrease m size) is referred to birth These reference pomts 
were chosen so as to get the best fit, and are therefore m a sense extra adjust- 
able constants However, the reference pomts once chosen are consistently 
adhered to for both sexes and all the different rat colomes fitted, so that they 
are not adjustable constants m the sense that k' and A are ^ A rational 
approach to a reference pomt for the tune scale in growth is a very difficult 
problem The most common practice has been to take conception as the zero 
pomt, but most growth equations contam an adjustable constant which 
effectually shifts the ongm to some other pomt (see t* and T* m Table I) 
And MacDoweU has raised serious objection to the general assumption that 
conception ought to be the rational reference pomt 

“In mammals, the separation of the egg from the mam food supply is correlated 
with a precoaous development of the trophoblastic elements of the morula These 
form the yolk sac and the traeger, which effect the first connection with the maternal 
food supply They are well developed before the visible organization of the embryo 
IS started This prelimmary stage occupies an appreaable portion of the gestation 
penod If natal and prenatal growth are to be compared the growth curve of 
the embryo should start with the embryo proper, and not mclude the prelumnary 


- It may be noted m passmg that if a fully adjustable reference pomt for the time 
scale IS introduced mto the log reciprocal equation it becomes much more flexible, 
and IS able to fit a great many data which the restricted equation cannot fit the 
Donaldson rat data and most other available data on growth from a httle before their 
pomts of mflection But these data do not meet any reasonable nutntional standards, 
and m most cases there is no justification for dividmg the data mto two parts at the 
pomt where the three constant equation first begms to fit Smce the data are m all 
probabihty faulty, and smce we have every reason to beheve that nutritionally m- 
hibited growth is very complex, the abihty of the three constant equation to fit seems 
to be a positive disadvantage The two constant equation is to be preferred m that 
It fits data expected to be simple, and data expected to be complex deviate from it m 
the manner to be expected Furthermore while the reference pomt for tune might 
differ m different species with different developmental histones, it is unlikely that it 
would properly differ for two sets of albmo rats, yet this is what the three constant 
equation mdicates for our data and the Donaldson data 
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stage or the extiaembryonic tissues As ^ pnictical cdtenon we propose the primi- 

tive streak stage” (MacDoweU d al , 1927) 

We have gone even further and look, upon the whole embryonic and pre- 
wcaning growth period as a continuous senes of changes in form and organiza 
tion with the characteristic structural pattern of the rat bemg approximately 
established only at the end of the suckling pcnod, the primitive streak is only 
one of many stages in the senes It seems sufficiently rational that the refer 
ence pomt of thi»t pcnod should after all be conception, where this senes of 
changes is mitiated, and m our rats on good diets an excellent fit is obtamed 
using conception as the reference point. We must then have a second refer 
ence pomt at a later age for the process of mcicase m size of the structural pat- 
tern (auxano-differentiation of Huxley) whidi was not in existence at concep- 
tion We are unable, however, to suggest a reason for placmg this reference 
pomt at birth rather than at some other time beyond the general fact that 
birth 18 an important event m the life of the organism. As we have already 
pomted out, the one obvious special pomt in the penod of auxano-diffcrcntia- 
tion IS the cud towards which growth is directed — the attainment of the final 
definitive body structure and size — and at this pomt the reciprocal tune scale 
has Its zero pomt 

Thi Backman Equation ^ — In its general form this equation s too difficult 
to fit to be of muc^ practical but if the special case with * 0 

should prove to be generally apphcabic to the second phase of growth it would 

• On re-reading Backman’s papers we find that vre bad overlooked a rather Im 
portant pomt In Backman (1931) two equations arc mentioned — equation 1 of 
Table I above and another equation, which wc can call equation 3, 

^ ^niar+«»i»*r 

dr 

both referred to as ‘rndne Fonncl” and used Interchangeably as though they were 
the same equation Ihe discussion at the end of the 1931 paper of the mathematical 
properties of the Backman equation refers to equation 1, whfle some of the data are 
fitted to equation 1 and some to equation 3 The very dear and stiai^tforward 
presentation of die Badbnan'sche Fennel* m the two papers m 1938 refers entirely 
to equation 1 and no further mention is made of equation 3 Relymg piinapally 
on these papers we mused the other equation which Is unfortunate because our log 
reaprocol equation is a spedal case of it^ with sq the same as our In k*, si equal to 
—2 St equal to zero In a sense therefore the log rcaprocal equation is not new, 
although as such it has not before been desenbed by Backman or others. We have 
tned out this equation S on croi data and find that It is no inoTe succtsslul than equa 
tion 1 m fitting the entire post natal period of growth The additional terma and 
adjustable constants do not improve the fit to the post weanmg data over that for 
the bg rcaprocal equation 
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have much to recommend it One feature is its parallelism m form with the 
log log equation which has been found to fit embryomc and pre-weanmg 
growth so satisfactorily 

InTy=K'mr + lnC 
ln(A-FF) = Klnr + lnC 

Another feature which may or may not be valuable is the fact that a good fit 
results when the reference pomt for time is placed at conception We prefer 
the log reciprocal equation on the basis of present knowledge because of its 
greater simphaty — it has one less adjustable constant — its greater ease of 

apphcation, its relation with heterogony, the useful growth function In — 

W 

and the mterestmg behavior of its time scale m becoming zero at the logical 
reference pomt for the auxano-differentiation process 


SUMMARY 

The equation 

k' 

In W >= — - + In A 

fits the growth of well nourished rats from wearung on The general properties 
of the equation, and particularly its relation with the law of relative growth, 
are discussed 
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The results of a senes of investigations of the chemical nature of antibodies 
»nd antitonns (Avery, 1915), (Gay and Chickenng, 1915), (Felton, 1932), 
(Chow and Goebel, 1935), (Chow and Wu, 1937) (Kjrlc and Sumner, 1931, 
1934), (Heidelberger nnH Kendall, 1936), (Pope, 1938), (Pope and Healey, 
1939), (Petennann and Pappenhcimer, 1941) have shown that these substances 
are proteins closely related to the normal serum proteins Smee they possess 
special properties not eodubited by the normal scrum proteins they roust have 
some special chemical structure but the nature of this structure still remains 
entirely unknown The first step m an attempt to determine the structure 
13 the isolation in pure form of the anUtoxuL Chow, Goebel, Heidelberger, 
and their coworkers have obtained pneumococcus antibodies which were pure 
m the sense that they were completely preapitatcd by the specific carbo- 
hydrate. Petennann and Pappenheimcr (1941) have isolated diphtheria 
antitoxm which was homogeneous by electrophoresis and ultracentnfuge but 
was not completely precipitated by diphtheria toxin. 

Many antibodies form preapitates with their antigens and dissociation of 
this preapitate has frequently been used as a method of purification, Ramon 
(1922) found that diphtheria toxm preapitates when mixed in certam pro- 
portions with diphtheria antitoxin and was able (1923) to obtain some anti 
toxin by dissociating the complex in sb^Uy add solution. Pope and Healey 
(1939) and Petennann and Pappenhcimer (1941) dissociated the complex by 
digestion with pepsin^ at pH 3 0 

Pepsin attacks the antitoxm (Parfentjev, 1937) as well as the tnnn and it 
seemed possible that a more homogeneous preparation might be obtamed by 
usbg trypsm which, so far as is known, attacks only the toxin. If trypsm is 
added to a solution of the toxin-antitoxin complex m dilute acid and the solution 
then neutralized the toxin is destroyed and 30-60 per cent of the original anti 
body may be recovered The antibody recovered m this way is 90 per cent 
or more preapitated by toxm it is homogeneous In the ultracentrifuge or 

' Preliminary expenmcats indicate that tetanus antitoxin may be purified m this 
way 
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m the electrophoresis cell The molecular weight of this antibody is 90,500 
(Rothen, 1941) while antibody which has not been treated with trypsm’faas 
a higher molecular weight Trypsin, therefore, digests part of the antitoTm 
as well as the tomi just as does pepsm (Petermann and Pappenheuner, 1941) 
This preparation corresponds closely to that obtamed by Petermann and 
Pappenheuner The solubdity of this preparation is not constant, however, 
but varies with the amount of sohd showmg that at least two proteins are 
present, both of which react with toYm The preparation may be further 
purified by fractional precipitation with ammonium sulfate The most soluble 
fraction has constant solubihty and appears to be a pure protein It crystal- 
lizes readily m poorly formed thm plates This protem is 90 per cent or more 
precipitated by diphtheria antitoxm and has about 700-900 antitoxin units 
per milligram protem mtrogen by the flocculation test and about 700 umts per 
milligram by the animal protection test 

The preparation is homogeneous by electrophoresis or ultracentrifuge 
(Rothen, 1941) The protem is quite unstable and changes rapidly into a 
shghtly less soluble form which does not crystallize and has a longer floccula- 
tion time but which has about the same antitoxic titer This form is stable 
between pH 3 0 and 9 0 The carbohydrate content, calculated as glucose, 
IS about 3 per cent 

Precipitation of purified antitoxm and crude toxm takes place over a wider 
range of concentrations than does the precipitation of crude antitoxm Pre- 
apitation of pure antitoxm with purified toxm takes place over a very wide 
range and the soluble zone m the region of toxm excess disappears 

The toxm-antitoxm complex is soluble m the absence of salt and m solu- 
tions more alkahne than 7 0 This solution is precipitated by positive ions 
The concentration of ions required to preapitate decreases as the valence 
increases The reaction of toxm plus antitoxm, therefore, consists of two 
steps, as does the agglutination of bacteria The first step is the formation 
of a compound This is the specific part of the reaction The precipitation 
of this compound then depends upon the salt concentration and hydrogen 
ion m the same way as does the precipitation of other coUoidal suspensions 

The purified antitoxm does not precipitate with serum of rabbits immunized 
against normal horse serum Gumea pigs sensitized with purified antibody 
react when mjected with very small amounts of antibody but require very 
large amounts of normal serum to cause shock 

Experimental Results 

I Action of Trypsin on Toxin and Antitoxin — Diphtheria toxin is rapidly digested 
by trypsm whereas antitoxm is not If tiypsm were added to a solution of toxin- 
antitoxin, therefore, it would be expected that the toxm would be digested and that 
the complex would then dissoaate until all the toxm was destroyed This does 
not occur but instead there is a slow formation of nor 



TABLE I 

DigtsUon of Toxin Aritiioxin wUk Trypan at pH SJ) 


100 mL uktidiphtherift platma. (500 nJxed witli 1 liter diphtheria tonn (SO L//mL) 

Stood 25 C. 24 hn., decanted Precipitate wipenawn centrifuged and preopltote waahed 
three times with u/20 pH 7 4 photphotc buffer Washed twice with water Precipitate 
stirred with 100 mb water GelaUruwi Tr>n« dissolved slowly to slightly opalescent aohition. 
Titrated to pH 8i) with NH<OH- 0 05 mg trypsin N/mL added. Stood at 2S“C. An 
alyxed for non protein nitrogen, 5 mL + OJ mL m/2 pH 7 4 p h osp h a te . Stood 25 C. for 
H hour and filtered. Filtrate analyxcd for antitoam. 



TABLE n 

Toxin-AnMoxin + Actik Add pB 4 j0 {.Ho TtypHiCi 


VoL PN/mL Z.//mL TeUl 


200 mL antkiiph therm, phsmi (SCO L//mL) 
4- 2000 mL Uudn (45 L//mL) at 25^a 
for 24 his. Decanted, Precipitate sus- 
pension + 10 gm, Hyflo. Filtered and 
washed two times with u/10 pH 7 4 
phosphate, washed two times with 
water Precipitate suspended In 300 mL 
water -b 13 mL 2 H acetic add gl- 
tered. Filtrate dear pH 4J)-4A (brom 
crtsol green) 24 hrs^ S*C„ 

50°C. 20 hrs, 4- 200 mL water 4- 6 mL 5 n 
NH* (pH 72) piedpltatc 4* Hyflo. 
Filtered- FUtiatc. 

400 mL No 2 4* 150 mL ietn rated ammo- 
nium sulfate. Predpltate. Stood 25 C. 
4- 3 gm. Hyfio Filtered. Pred^ritate 
4- k/ 10 pH 7 4 phosphate. 

50 mL No 3 4- 20 mL saturated ammonium 
sulfate (025 tatnrated) sight predpltate 
4- Hyflo Filtered- Predpltate 4* 
phsepbate 
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measurable liberation of antitoxin (Table 1) If the toxm-antitoxin solution is 
boiled before the addition of trypsm it is rapidly digested These results show 
that the toxm-antitoxm is not a denatured protem and suggest that the complex 
does not dissoaate at pH 7 0-S 0 

Pappenheuner has shown that diphtheria toxin is unstable m acid and is rapidly 
denatured on the acid side of pH 6 0 and this observation has been confirmed m 
the course of tbs work The toxm-antitoxm complex dissolves on the acid side 

TABLE m 

Bigeslwn of Toxiii-Anhicxm from Crude or Purified AnMoxtn at pH 3J aiid? 4, 25°C 

Toxm-antitoxm from plasma Prepared same as m Table H except not washed with 
distilled water Suspended m n/10 pH 7 4 phosphate 0 30 mg P N /ml 

Toxm-antitoxm from purified antibody 5000 Lf units toxm mixed with 5000 umts 
purified antitoxm Precipitate decanted and washed with n/10 pH 7 4 phosphate Sus- 
pended m n/20 pH 7 4 phosphate Total N/ml 0 16 mg 

20 ml of suspension m n/10 pH 7 4 phosphate buffer titrated to pH 3 7 -f- n/10 hydro- 
chloric aad 0 05 mg tiypsm N/ml added Analyzed for non-protem nitrogen Titrated 
to pH 7 2, stood 2-7 hrs Filtered. Filtrate analyzed for non-protem mtrogen and antitoxm 


Time 

pH 

Tonn antJtoim from plaana and toxin 

Toxm antitoxin from purified antibody 

Total 

N/ml 

Non 

ptotem 

N/ml 

PJ^/ 

ml 

i//ml 

Total 

N/ml 

Non- 

protem 

N/ml 

PN/ 

ml 

Lf/mX 

hrs 1 


mg 1 

m 

mg 


mg 

mg 

mg 


0 i 

3 7 

0 38 

0 05 

0 33 

(200 eqmva- 

0 16 

0 06 

0 10 

(200 equiva- 

1 



1 


lent) 




lent) 

2 5 

3 7 


0 08 j 

0 30 

1 


0 06 

0 10 



i 


Titrated to pH 7 2 





0 

7 2 


1 0 08 

0 30 


1 

0 06 

0 10 


1 

7 2 


' 0 20 

0 18 



0 065 

0 095 


3 

7 2 


0 19 

0 19 



0 075 

0 085 




Heavy preapitate j 

Filtered Fil- 

Very 

shght preapitate Filtered 



1 trate 




Filtrate 




7 2 

0 26 1 

0 19 1 

0 07 i 

80 

0 16 

0 07 I 

0 09 ) 

80 



Filtrate 

: from 

control 

solution, no 

Control solution, no 

trypsm 


1 

trypsm 










0 05 

0 1 

0 

! 

! 

0 04 j 

40 


of about pH 4 7 and if it were dissoaated it would be expected that the toxm would 
be denatured and the antitoxm hberated When crude toxm is precipitated with 
antitoxm and the entire suspension made aad and then alkalme, no preapitate ap- 
pears, mdicatmg that the toxm may have been destroyed If the experiment is 
repeated with washed toxm-antitoxm m buffer, however, the preapitate reappears 
on neutrahzation It is possible to recover some toxm by heatmg such an aad 
solufaon of toxm-antitoxm, as Ramon stated (Table H) but the yield is quite low 
However, if trypsm is added to such an aad solution of toxm-antitoxm formed from 
either pure or crude antitoxm and the solution then neutralized, httle or no pre- 
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apltate occurs and the antitoxin u free m solution, whereas the toxin has disap- 
peared 

Analysis of such sohiUons (Table HI) shows that a rapid increase in non protein 
nitrogen occurs as soon as the solution is brought back to pH 12 In the case of 
the toxin-antitoxin from crude antitoxin the increase amounts to nearly half the 
total protem mtrogen originally present while m the case of toxm-antitoxm from 
punfied antitoxin the increase Is muHi less. In both cases about one-third of the 
total antitoxin present is recovered free from toxim This is simiiar to Pappen 
heimer’s results with pqam. which appears to attack the antibody as well as the 
toxm Since trypsin docs not attack antitoxin oione nor tonn-antitoxin unless it 
is first aadified, the results Indicate that the toxin-antitoxm complex is changed 
by and that It is then hydrolyxcd by trypsin in such a way as to destroy 

the toxm and part of the antitoxm molecule 
If antibody obtained by dissociating the toxin antitoxin complex with 

acid alone {cj Table II) is mixed with trypsin some of the protem is digested but 
there is a loss of antitoxim These results indicate that trypsin hydrolyzes the 
toxin-entitoxin complex in a different way from that In which it hydrolyzes either 
the or antitoxm alone The toxin-antltoxin complex acts m this respect like 
a distinct protein rather than a loose combination of toxin and antitoxin. This 
result confirms Heidelberger and Kendall’s assumption that the toxin-antitoxin 
fnmplFT IS a definite chemical compound. The leaction b peculiar in that a pro- 
tein IS left after the reaction is completed. This is also the case m the cbtting of 
milk by either pepsm or chymotrypsin and also m the formation of pepsin, tiypsm, 
or chymotrypsin from their precursors, AQ other proteolytic reaciiona, however, 
result m complete destruction of the protem 

Efcd of Vary\ng Condxivms on the Amount of Antitoxin Recovered 
The digestion of toxin-antitoxm just described is affected by the following 
variables pH time at each pH concoitiatioD of salt, kind of salt temperature, 
concentration of toxin-antitoxm and coocenUation of trypaixL Obviously detetmins 
tion of strictly optimum coadidoas with such a large number of v’ariables vrould m 
volve an enormous number of experiments. Preliminary experiments showed that 
the time of standing m add and the pH of this aad solution made httle differ 
ence so long as the tonn-antltoxin complex was dissolved (Table IV) Trypsin 
may be added before neutxahzatioa or immediately afterwards without affecting 
the yield. If the toxm-antitoxui complex Is allowed to stand at pH 72 for several 
hours and trypsin then added, no antitoxm is recovered The same results are ob- 
tained with toim-antitoxin from either ptaoni* or from purified antibody, except 
that In the latter case a small amount of antibody may be recovered without trypsin 
if the solution is aUowed to stand for 20 hours or more m add. The concentration 
of trypsin may be varied from 0 01 to 0 5 mg per mL without affecting the percentage 
of mtibody recovered. The yield is the same with 0 5 m phosphate as with 0 05 U 
phosphate but if the solution is aadified with acetic acid and then neutralized with 
a mm onia the yield Is much has. The yield of antibody recovered without trypsin, 
however is greater m acetic aad. The yield is the same at temperatures from 
10-40*C. except that the reaction is slower at the lower temperatures. 
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The yield increases as the concentration of toxin-antitoxin decreases but below 
about 0 5 mg protem nitrogen per ml the mcrease m yield is small 
An outhne of the method as fin al ly worked out for handling large quantities of 


TABLE IV 

Ytdd of AnMoxtn Recovered after Varmts Times of Standing at pH 3 7 and pH 4 with or 

withouf Trypsin 

Antidiphthena plasma mused with eqmvalent volume of toxm, stood 24 hrs 25°C , centn- 
fuged. Preapitate washed two times with n/10 pH 7 4 phosphate Suspended m n/10 
pH 7 4 phosphate, volume equal to that of plasma. 25 ml + 25 ml n/10 hydrochlonc acid 
(pH 3 7) 2 hrs 5°C as noted 5 ml + 1 mL n/2 pH 7 4 phosphate Stood at 25°C 0 05 

mg crystallme trypsm mtrogen per ml added as noted 


Toxin antitozm (tom antidiphtLem plasma 


Time at pH 3 7-4 0 

Time at pH 7.2-7 6 

Per cent onginal 
antitoxm recovered 

hours 

hours 

Without trypsin j 

With trypsin 

Without trypsin 

With trypsm 

0 

0 

0 

24 

0 

0 01 

0 

0 

4 1 

25 

0 0 

0 01 

0 

4 1 

30-50 

1 

0 

0 

4 

30-50 

0 

1 

0 

4 

50 

7 

0 

0 

4 

35-50 

0 

7 j 

0 

4 

50-70 

24 

0 

0 

4 

1 35-50 

0 

24 

0 

4 

50-70 

0 ! 

24 

0 

24 

50-70 

1 

0 

0 15 

24 

25 

1 

0 

0 50 

24 

30 

1 

0 

4 

24 

0 

1 

0 

24 

24 

0 

24 

i 0 

24 

0 

10 


Toim antitoim from purified antibody 


0 

0 

24 

5O-d0 

0 

0 

24 

50-60 

0 

0 

24 

50-60 

0 

24 

0 

15 

0 

4 

4 

<10 


matenal is shown in Table V All filtrations were earned out with suction using 
No 3 Whatman paper and large Buchner funnels so that the final filter cake is not 
more than a few millim eters thick If smaller filters are used the filtration may be 

slow 

Srs different lots of antidiphthena plasma and toxm have been used m the couree 
of the present experiments The results m general have been the same but the 
per cent of the onginal antitoxm recovered after treatment with trypsin vaned from 
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20-^ per cent. It is not possible to state at present whetber this variation ta ac 
adental or is caused by differences In the toxm or antitojon preparation used. 

The preapitatc (3P) which fonna after neutralization consists partly of undiangcd 
toxm'antitoxin and a further 20-40 per cent antitoxin may be recovered by treating 
this preapltate as described for the onginal toxm-antitoxin suspension 
Filtrate No 3 from this preapltate contains 20-60 per cent of the original anti 
body and has a titer of 300-400 protein nitrogen The protem m this sohi 

tion is 90 per cent or more preapltatcd by toxin. The solubihty of the protein in 
this preparation, however, vanes markedly with the quantity of solid present in 
fact, about as much as does the sohiblUty of serum globuhn 
The protem may be further fractionated by precipitation with ammonium sulfate 
(Table V) 

Most of the antibody is soluble in 0.33 satnrated ammomum sulfate but preapi 
tales at 0 5 saturated ammomum sulfate, as found by Pappenhcimer and by Pope 
for antibody prepared by pepsin digestion The fraction soluble between 0.33 and 
0 60 saturated ammomum sulfate has a titer of from 500-700 Oocculation units 
mllhgTam protem mtrogen, or by the animal protection test. (The wnter is mdebted 
to Dr \V E. Bunney at K R. Squibb and Sons, New Brunswick, N J for carrying 
out thia determination ) It is itnctly homogeneous m the ultracentnfuge with a 
sedimentation constant of 5 7 X 10~‘* The diffusion constant u 5 50 X 10'’^ 
cm,*/scc.“^ and the molecular weight U 90,500 (Rothen, 1941) The matenal shows 
only one boundary m the electropbsresis cell at pH 7.3 or 3 0 (In dilute pho^ihate 
or veronal buffer there is some reversible spreadmg but measurements of electro- 
endosmofis of this buffer m the microscopic cataphorems cell (Northrop and EuniUf 
1925) show marked flow of water at the glass Equid mteiface Addition of u/20 
caldum chloride, as is to be expected, completely prevents the ekctroendosmosis and 
also abolishes the reversible spreadmg ) This fraction probably corresponds closely 
to the preparation obtained by Pappenhamcr and by Pope> 

The solubility of this fraction, however, still vanes markedly with the amount of 
solid (Fig 1 second curve) showing that more than one protem is present in spite of 
the fact that it is homogeneous by ultracentiifuge and electrophoresis. This result 
is simply another example of the fact that the solubihty method, which is theoretically 
identical with the classical meltmg point method will distmgmsh between closely 
related proteins which are indistmguishable by other methods. Thus Landstemer 
and Hodelberger (1923) found that hemoglobin from donkey and hone could be di5- 
tmguishcdby this method although serologically they are extremely similar Crystal 
Ime pepsin (Hemott Desreux, and Northrop, 1940) prepared without special punfica 
tion, is stnetiy homogeneous by electropboresia or ultraccntnfugation but does not 
have constant solubility and may be shown to con tarn several different proteins. Mix 
tures of samples of chymotiypslnogen of different solubilitiei are mdistmguishable 
by electrophoresis (Butler 1940) as arc mixtures of pepsin and iodlnatcd pepsin 
(Hemott 1941) althou^ in the latter case the solubilities are very different Egg 
albumin from closely related spedes is also mdistiuguiahabb by the electrophoFcsis 
tec h ni q ue although they may be distinguished by serological tests (Landstemef, 
Longsworth, and van der Schcer 1938) 

Since the solubihty of the solid in a dilute suspension Is different from that in a 
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TABLE V 

PreparaitoH of Pure Diphtheria Antitoxin 




Total!/ 


33 liters diphthena toxin + 4 liters 
antidiphthena plasma, 25°C 24 
hrs 1 

Siphon o5 supernatant, preapitate 
suspension + 25 gm Hyflo per 
hter, filter and wash preapitate 
3 fames with 1 hter ii/lO pH 7 4 
phosphate Preapitate stirred 
+ 5 hters 0 05 M KH 2 PO 1 , titrate 
to pH 3 5, + 2 5 gm crystalline 
trypsm Stand 25°C 24 hrs 
Filter Titrate filtrate to pH 7 4, 
cloudy 2 

No 2 + 700 ml saturated ammo- 
mum sulfate (0 1 saturated) -f 
60 gm Hyflo, filter Filtrate 
clear 3 

Preapitate 3' 

No 3 -f 2 3 hters saturated ammo- 
nium sulfate (0 33 saturated) + 

50 gm Hyflo Filter Preapi- 
tate (0 1-0 3 fraction) 4 

Filtrate 5 

No 5-1-21 hters saturated ammo- 
nium sulfate (0 45 saturated) 2 
hrs 25°C -f 50 gm Hyflo Fil- 
ter Preapitate (0 33-0 45 frac- 
tion) 6 

Filtrate 7 

No 7 -f 1500 gm ammomum sulfate 
(0 65 saturated) lO^C Settle 
Decant supernatant Preapitate 
suspension -f 20 gm Filter-cel 
Filter Preapitate 8 

Precipitate 8, stir -f 3 hters (0 5 
saturated ammomum sulfate, 

0 05 M PO 4 pH 7 4), filter 

Filtrate 9 

3 hters No 9 -)- 60 ml (2 5 N H 2 SO 4 , 

0 5 saturated ammomum sulfate) 

25°C 1 hr -1- 20 gm Filter-cel 
Filter Filtrate 10 


37 hters 


60 2 X 10® 20 


6 3 hters 0 3 100 6 X 10® 350 


6 8 hters 0 17 70 5 X 10® 400 


8 6 hters 


1 X 10® 350 
4 X 10® 500 


11 hters 0 03 


3 hters 0 07 


3 hters 0 05 


2 X 10® 450 

20 2 X 10® 700 


2 X 10® 700 


45 15x10® 

50 1 ^ ^ \700 


30 1 xlO® 

35 ^ ^ 1700 
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TABLE \—Condudcd 



No 

Titrate No. 10 to pH 6.8 sUr in 
saturated ammonium sulfate 
slowly imtil siDci preapitate 
forms (about 200 mb saturated 
ammomum sulfate) Stand 6 C. 
24 hrs. Decant and centrifuge. 
Preapitate suspcusioii, needles, 
plates and some amorphous. 
Suspend in 50 mb 0.5 saturated 
ammonium sulfate 

U 

No. 11 + 10 mb water (clear) + 
saturated ammonium sulfate till 
slightly turbid. Stand 25 C. 2 
ho. thin plates, no ansorpbous. 
Stand 25 C 24 his-, centnfuge. 
Preapitate + 20 mb OJ satu 
rated ammonium sulfate. Pre 
CipiUle suspetmon 

U 

No 12 + 5 mb water + saturated 
ammonium sulfate slowly until 
slightl) toihub Stand 25^C. 1 
hr hea\*> preapitate thm plates. 
Centnfuge. Dissobe preapitate 
+ 10 mb water 

U 


VoL 

PS 

J' 

mb 

Toul Lf 1 



1 

1 

i 


i 

50 mb 

1 0 

f6a0 ' 
(700 

3 X 10' 

fdso 

(/OO 

20 mb 

j 

1 0 

\ 

fcoo : 
\/00 

I 2 X 10* 

[coo 

1700 

10 mb 

1 0 

1650 

\700 

6 X 10* 

[650 

1700 


concentrated one the composition of this sobd must be different and hence a partial 
separation has been effected. On paper it is oni> necessary therefore to repeat the 
solubUit> experiment until a pure protein of constant soiubilIt> is obtamed,^ 
Actuall> howe>*cr this cannot be done smee the >ncld is smaU and the substance too 
unstable. The fraction soluble m 0.5 saturated ammonium sulfate but not at 0 65 has 
more ncarlj constant solubihty mdicating that the more soluble fraction could be 
more casfl> purified than the leas soluble. \ vcr> ^aTl amount of a protein havmg 

* If the protem is a solid solution of two proteins and obe>'S Raoult s law then the 
maxuDum change m composition which can be obtained m one step is from F to CP 
whcai F IS the original ratio of the two constituents and C is the ratio of tbar solu 
bilitics m the solvent used (Northrop and KuniU 1930) If a soKent could be found 
m v.hich the solubibt> of one component was 0 then the separation would be complete 
m one stqi For this reason it is to be expected that a better separation will be ob- 
tained m a BoU ent m which the total so]ubQit> is small and this is the case A similar 
result was obtained m the ease of pepsin (Hemott Desreux and Northrop 1940) 
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constant solubility (bottom curve, Fig 1) was eventuaUy obtained by extracting with 
one-half saturated ammonium sulfate followed by precipitation at pH 3 5 as shown 
m the table This protein is homogeneous by electrophoresis and ultracentnfuge and 
fulfills the criteria for a pure protein 

Inspection of the solubihty curves shows that only sample 48B12 had stnctl} 
constant solubihty The other samples tested aU showed minor discrepancies al- 



Fig 1 Solubihty curves of vanous antitoxin fractions Ihe protein nitrogen 
per milhhter in solution is plotted against the total protein nitrogen concentration 
The sohd hnes are the theoretical curves for a solid phase of one component 


though the cure es are better than those of other proteins with the exception of chymo- 
tnTJsmogen, tiy-psin, and pepsm The determinations were all made wath the 
amorphous preparation smee some decomposition occurs during ciystallization and 
the cr 3 ^stals do not have as good a solubihty curve The samples tested in Fig 2 were 
analj'zed withm a few hours after their preparation 

Solutions of theprotem crxstalhze reachl> m the form of thin, more or less irregular 
plates (Fig 2) These plates resemble xerx closely the first crj'stals of nbonuclease 
isolated b\ Kunitz (1940) On longer standing or on recrjstallization the nbonuclease 
crystals become beautifuUj regular, whereas the antibodx crystals remain about 
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the same ’ The first crj’slala u hlch appear are the best and alter a fc^v hours crystal 
btatwn stope On rccrvslalhiation the ^mc process is repeated Crj^tals form 
rapidly and arc as good as would be capected under the conditions hut instead of im 
proving on standing the crjatallization again stops The protein m the mother hquor 
cannot be crystallised and has a low solubility very much hkc that of the 0 5-0 6 



fraction from which the pure proton was onguialJy isolated (Fig 3) At the same 
tunc the time required for flocculation increases tihen the antitoim is mixed with 


• Large well formed pnsms ha>e appeared in tuo preparations after 3-4 months 
standing These preparations had bera sealed nfth vaschne under a com" gfip on a 
tilde The onginal poorly formed plates disappear at the larger crystals develop 
indicating that the large crystals are eithir the antibody itself or a decomposition 
product It has not been possible so far fo prepare enough of these ci> stala to test 
for antibody content 
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toxin, although the final titer remains the same (Table VI) The results show that 
the pure protem is very unstable and is rapidly transformed to a slightly less soluble 
form The presence of this form prevents crystallization Most protein solutions, 
if allowed to stand in strong salt solution, form thin plates on the surface which may 
settle subsequently and which resemble somewhat the antitoxin plates These sur- 
face films differ, however, m that they are more irregular and are usually spotted with 



Fig 3 Effect of standing in 0 4 saturated ammonium sulfate pH 7 0 on solubility 
of crystalline antitoxm m (0 5 saturated ammonium sulfate, 0 05 M pH 7 4 phosphate) 
Upper curve — solubihty after 1 hour at 2S°C Lower curve — after 24 hours 


TABLE VI 


Increase vt Floccitlalton Time of Purified Antibody on Standing at 25°C 


1 ml toxin 
(45 Lf/m\ ) H- 

02 

0 25 

03 

0 4 ml 87 1 (0 5 
saturated ammonium 
sulfate extract) 

Time at 25®C 

Time for flocculation — 50 C 

days 

mtn 

min 

min 

mtn 

0 


10 

10 

12 

1 

45 

15-18 

15-18 

20 

2 

40 

17 

15 

17 

4 


20 

14 

15 


irregular markings In addition the formation of the antitoxin plates is greatly ac 
celerated by inoculation of the supersaturated solution while the formation of surface 
plates IS not Under these conditions crystallization may be practically complete in 
1 ^ to 1 hour and it can be seen that the plates are formed in the body of the solution 
and not on the surface The plates are faintly doubly refractile when observed with 
the Nicol pnsm and analyzer An intense light is necessary as, owing to the thinness 
of the plates, the double refraction is slight The straight lines in the photograph are 
not needles, but the edges of the plates This is clearly evident under the microscope 
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The plates are slightly less soluble than the amorphous fonn although the difference 
is much less than is the case mth pepsin 

These results xndiate that the plates from saturated solabon of this protem are 
true crystals although ffoal deasion depends on the results of z ray analysis 

TABLE Vn 

Ptr Ctnl ProteU NUroitn PrfidpUaUd /«** Voriw SampUs of Antii^n fcy Crud* or 
Purified TexUt 

5 ml crude or purified tnTm solution added to variems samples of antitoxm contalnlag 
equivalent number of amts la v/10 pH 12 phosphate. Protdn nitrogcu per ml deter 
SO^C 20 hrs. 25*’C 4S hr*. Centrifujed and protein nitrogen deterr^ed in soper 
nakant (turbidity) 


Suipl« bo. 

UMi 

1 «-> 

1 U)I 


$6Me 



Globu 



i 




tin 

0 1-0 3 

0-0 35 

0 4-0 5 

crystals 

PXppt. 


fractioo 

sat ax 

sat ax 



d" 



frac 

Irac 



Uudn) 



tion 

Kati 




X//mg PJ^ 

1 no 

500 

250 

800 j 

750 

900 


(Zruda teedn 

Ttoul P at 

1 2 25 

0 75 

1 1 1 

! 0 60 I 

0 60 

0 48 

P24 in supernatant 

1 95 

0 06 

! 0 12 

1 003 

0 06 

0 07 

Per cent in supernatant 

' 86 

8 

10 

' ^ 1 

10 

14 

Per cent P.N in precipitate 


' 92 

90 

95 

90 

86 


: Purified toxin (PappenhdiDer) 

Andtoxm P N mi 

«Hi 

0 72 i 


0 48 

050 

0 50 

Toxin PJ^f m( 

iWTl 

0 22 , 


0 22 

0 22 1 

0 U 

Total P2^ mt 

2 11 

0 91 , 


0 70 : 

0 72 1 

0 64 

P24 In supernatant mi 

Per cent total P N in super 

1 97 

OW 


0 018 

0 08 1 

0 03 

natant. 

93 

1 


7 

11 i 

4 

Per cent PJ^ In predpitato 

7 

96 


93 

89 j 

96 


PrtapUation of Various Fractions of Punfied Anitioxin by Crude 
and Punfied Toxin 

Mixtures of diphtheria toxin and antitoxin preapitate over a rather narrow range 
of concentrations when allowed to stand Prelinunary experiments showed that 
predpitation increased for 10 or 15 minutes at StT’C but after 20 hours remained con 
stant- The experiments shown in Tabic VH ■were made at the equivalent point 
with that proportion of toxm and antitoxin which first precipitates. The results 
with other mixtures near this range are not significantly diffcrcnL 
The first sample 51A41 was a globoUn fraction prepared directly from antidiph 
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them plasma without previous precipitation with toxm It had an antitoxin titer 
of about ISO units per mg protem nitrogen and only about 7 per cent of the total 
mtrogen was found m the preapitate This figure, of course, is subject to a large 
error smce it is determmed by diSerence The other preparations represent dififerent 
fractions obtamed by fractional precipitation with ammonium sulfate and have anti- 
toxic titers varymg from 250 units per mg protem mtrogen to 900 However, as 
Table Vn shows, 90 per cent or more of the total protem mtrogen is precipitated 
from all of these preparations The table also shows that the amount of protem 
mtrogen left m the supernatant when crude toxm is used is about the same as when 
purified toxm is used Evidently the protem m the crude toxm preparation used was 
practically all toxm protem 

It follows from these detennmations that the vanous fractions must combme with 
different quantities of toxm 0 72 mg protem mtrogen of 86-5, which is the fraction 
obtamed between 0 1-0 3 ammonium sulfate precipitated 0 22 mg of toxm protem 
nitrogen, a ratio of about 3 to 1, whereas the preparations havmg a higher antitoxic 
titer precipitate an amount of toxm protem eqmvalent to about one-half the antitoxm 
These figures are somewhat uncertam owmg to the fact that some protem nitrogen is 
not precipitated and it is not possible to say whether this is antitoxm protem or toxm 
protem or partly both The precipitate has no measurable solubihty m m/20 phos- 
phate buffer and it seems unlikely that the protem remammg m solution was really 
due to the solubihty of the precipitate Smce the preapitate appears to be com- 
pletely msoluble it follows that the quantity formed will be mdependent of the volume 
and this is the case as Heidelberger and Kendall (1935) have previously found How- 
ever, this would be true of any msoluble precipitate and it does not seem possible to 
draw any conclusions from this result concemmg the composition of the precipitate 

Kekwick and Record (1941) have obtamed partially purified antitoxic preparations 
by means of electrophoresis which also showed varied combmmg ratios with toxm 
and have suggested, therefore, that there are at least two antitoxms The present 
experiments confirm this conclusion 

The Effect of the Punty of the Freparattons on the Precipitation Zone 

The preapitation of crude diphthena toxm with antitoxin is peculiar m that the 
preapitation range is narrow For this reason the titration is accurate to about zfc 20 
per cent The precipitation of crude or purified toxin solutions with different dilu- 
tions of antidiphthena plasma or purified antibody is shoivn m Table VIII The table 
shows that with crude toxm and antidiphthena plasma only one tube shows complete 
precipitation, i e , either twice as much plasma or one-half as much plasma does not 
give a flocculent precipitate When crude toxm is precipitated by punfied antibody 
the range of precipitation is doubled and it requires a larger excess of antibody to 
prevent preapitation For this reason the titration of punfied antitoxm is much less 
accurate than the titration of antidiphthena plasma When punfied toxm is mixed 
with punfied anubody the range is extended so that complete precipitation occurs 
even m the presence of an excess of antibody which is equivalent to four times the 
toxic equivalent and extends far down mto the region of excess toxm These and the 
preceding expenments indicate that a possible cause for the varymg composition of 
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tonn antitaim complexes Is due to tbe fxct tiiat there are more than one toxm and 
more than one antitoxin. 

The purified toxin u sed In these experiments was kindly supplied by Dr A. M 
Pappenheimer, Jr It was homogeneous by electrophorcsu or ultraccntnfugc but 
may still have contained more than oneprotem since its solubility has not been tested 
(Petennann and Pappenheuner 1941) 

TABLE Vni 

PfdpUaiwn of Anttdipkiktria Plaswia or Purifiod AntHcdy wiiM Crudo or Punfitd Toxin 
1 mb tnnn solabon containing 40 L//mb In n/10 pH 7 4 phosphate mixed with 1 mb 
wkus utitoxin preparations dhated os noted with h/10 pH 7 4 phosphate and allowed 
to stand at 25 C. 


ThM 


1 Aaoont ol prcd^dutloo 


DQatkv oi ptmiK 

1 1 

m 1 


lA ' 

1 1A6 1 

1 i/n 

1 i/« ' 

1 lAM 

Ari 

1 

Crude tozm + crude antibody 

1 5 


- 

+ 

++ 

c 1 


- 1 

- 1 


24 

1 

- 

+ 

++ 

C 1 

+ 

— 

— ' 




Crwie tonn -j- purified antibody 750 X//mg. PJf 

1 0 


- 1 

— 

++ 1 

c 1 

+ 

- 

- 1 

- 

24 


- 1 

+ 

C 1 

c 1 

+ 


— 

- 



Pudfied toxin Ar rrnififd antibody 

1 0 


+ 

+++ 1 

c 

c 

' + 1 

~ j 

c j 

1 _ 

24 


1 + 

C 1 

c 

c 

1 ^ 1 

C 


+++ 


Efeci of Sails on the Precvpilalxon of Toxxti- A ntitoxin 

The fonnation of toxln-antitoxin preapitates is similar in many respects to the 
qieafic agglutination of bactena. In the case of bactenal agglutination it has been 
repeatedly shown that (Bordet Joos Bediold,Porges,Porge3 and Prantschoff, North- 
rop and DcKruif {cf Toplcy and Wilson pa^ 154)), the reaction takes place in two 
steps. The first step Is the combination of antibody with the bacterial celb This is 
the specific step in the reaction and, as Hddclberger and Ken dalles (1935) results 
indicate, is very likely a chemical reaction In the absence of electrolytes and espe- 
cially in slightly alkaline solution no agglutination takes place. However, if electro- 
lytes are now added to such sensitized Buspenaions, agglutinabon occors and the 
effect of the electrolytes may be predicted from the effect of electrolytes upon colloidal 
suspensiODS in generab Such suspensions are characterized by the fact that they 
are ag^utinated by ions having an opposite charge from the particlea and that the ag 
(dutinating concentration decreases rapidly as the valence of the ion m creases. This 
observation was originally made by Hardy and appHes to the oil droplet (Powia, 
1924) collodmn particles coated with denatured egg albumin or denatured proteins 
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)n general (Loeb, 1924), or sensitized bactena (Northrop and DeKxuif, 1922) This 
valency effect of salts is quite distinct from the effect of salts on solutions of crystal- 
loids or on the solubihty of naUve protems It appears to be charactenstic of antigen- 
antibody complexes that the solubihty or stabihty of the complex is determmed by 
the electrical charges as is the stabihty of colloidal suspensions m general, while the 
solubihty of the antigen or antibody separately may be affected by electrolytes in an 
entirely different way and m the same way as are solutions of crystalloids or native 
proteins 

If toxin-antitoxm complex is formed from antidiphthena plasma and crude toxm 
and then washed repeatedly with dilute phosphate buffer it remams completely in- 

TABLE rx 

Precipitation of Solution of Toxin- Antitoxin in Water by Acid and Salts 
Sample 142-5 (7 5 mg P N /ml ) diluted 1/20 with water-clear — ^No 1 


2 ml No 14- 

0 

0 1 

0 2 

0 3 

0 5 

0 7 

1 0 mL n/ 4,000 acetic acid 

Preapitation 

— 

4- 

-f 

4 — h 

C 

C 

-f 

pH (brom cresol purple) 

7 6 

6 6 

6 55 

6 5 

6 45 

6 4 

6 3 


1 ml No 1 4* 1 nil various salt solutioos pH 7 4 in n/50 pH 7 4 veronal buffcTi dilutions made with water 



soluble If this preapitate is then washed repeatedly with distilled water it becomes 
gelatmous and finally dissolves The solution m distilled water alone at about pH 7 0 
IS more or less opalescent but at pH 8 0-9 0 it is quite clear and resembles a solution of 
denatured protem If electrolytes or acid are now added to such a solution precipita- 
tion occurs and the concentration of electrolytes required decreases rapidly with the 
valency of the positive ion (Table IX) The results m general are exactly similar 
to those obtamed with the oil droplets, etc desenbed above In addition, acid causes 
preapitation over a narrow range of pH of about 6 4-6 5, the width of this range 
dependmg upon the concentration of the solution 

As m the case of bactena, therefore, the toxm-antitoxm complex behaves m regard 
to salt preapitation like a preparation of denatured serum protem as Shibley (1926) 
has emphasized m connection with bactenal agglutmation In the case of the toxm- 
antitoxm complex, however, the protem is probably not denatured smee the results of 
the experiments with trypsm digestion previously desenbed (Table I) show that this 

























tivity Is observed m 24 hoaca at 20^0. CTablc X) In more alkaline or more aad solu 
tiona preapitation ocean and there u marked loss in antitoxic value 

CarhokydraU ConUni of Iho Anitbody Pnparatwits 

Petermann and Pappenheimcr (1941) have found that the carbohydrate content 
of purified antibody prepared by digestion of the toxin antitoxin complex by pepsm 
is higher than in crude antibody fractions prepared directly from unmonc seiunn The 
carbohydrate content of the antibody fraction prepared by the present method does 
not appear to dificr Bigmficantly from that of antitoxin prqiarcd by fracUonatlon 
direct from antisera (Table XI) Some variation was found in the carbohydrate con 
tent and one preparation 62-2 gave 3 4 per cent This variation in the carbohydrate 
content and the general character of the preparations suggests the possibihty that a 
part, at least, of this carbohydrate fs denved from the serum mucoid and Is not a 
part of the anbtoxm molecule Itself However, aU attempts to reduce the carbo- 
hydrate content below abont 2 per cent have unsuccessful. 
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The, Relation of the Purified Antibody to the Proteins of Normal Serum 

It lias frequently been suggested that antibodies are formed by a slight modification 
of normal serum protems They are, however, extremely closely related to them as 
evidenced by the fact that some of Pappenheimer’s preparations, which contain less 
than one-half antibody, were homogeneous by electrophoresis and ultracentnfuge, 

TABLE XT 

Glucose Contait of V anous Antitoxin Preparations 


El Per cent glucose analyzed according to Sorensen and Haugaaxd (1933) compared with standard glucose 

solutions 


Sample 

51A41 

86-25 

86A67 

62-2 

90-15 


0 4-0 5 £rac- 

0 4-0 5 sat- 

Purified 

Purified 

AnUtoim 


bon from 

mated 

toxm once 

toxm two 

preapi- 


antidiph- 

ammo- 

crystal- 

times 

tated two 


thena 

plasma 

mum sul- 
fate frac- 
tion from 
purified 
anhtoxm 

liaed 

crystal- 

lized 

tunes with 
toxm 

Per cent glucose 

2 4 

2 0 

2 4 

2 8 

3 4 

2 8 


TABLE Xn 


Fractional Precipitation of Antidiphthena Plasma or Normal Plasma and Pure Antitoxin with 
Varying Concentrations of Ammonium Sulfate 


Ammnnmm sulfate | 

Antidiphthena plasma 

Nonnai plasma -f- punhed antitoxin 

Normal 

plasma 

concentration 

Per cent 
PH 

Per cent 
Lf 

£//PH j 

Per cent 
PH 

Per cent 
Lf 

i//PH 

Per cent 
PN 

per cent saluiaicd 

Ongmal 

(100) 

(100) 

30 

(100) 

j 

(100) 

10 

[ 

40 

0-35 

44 

10 

10 

45 

<10 

<10 

35-45 

19 

50 

1 75 

8 

[ 50 

60 

10 

45-55 

9 

40 

100 

6 

30 

50 

10 

55-65 

25 

<10 


30 

<10 


40 


and also by the fact that the antibody can only be separated from the normal proteins 
by fractional preapitation with extreme difficulty 

If the purified antibody obtamed by the action of tiypsm were different from 
the form m which it occurs m the ongmal immune plasma, it might be expected that 
the purified antibody could be separated from normal plasma more easily than the 
naturally occurrmg antibody can be separated from the protems of immune plasma 
In order to test this assumption antidiphthena plasma contammg about 500 antitoxic 
umts per ml and an “artifiaal” immune plasma contammg the same number of anti- 



JOHN H NOHIHHOP 


483 


one uniU prepared by addmg punfied antitoxin to normal plaima, were preapitatcd 
»y varying concentraboni of ammoniom sulfate. Tie results of the eipenment are 
bown m Table XIL It is evident that the antitoxin distributes itself in the same 
ray m both since the percentage of the onginal antitoxin found in the vanoua 
ructions is within the hmib of error the same. The antitoxic titer per mflhgram of 
110 tem nitrogen of the various fracUons is also about the same and it u just as difficnlt 
:o CDncentrute the antitoxin from the “artifidal” immune plasma as from natural 
plasma 

Immunological Relaiwns of the Punfied AnltUmn to Normal Serum 

Some of the immunological properties of the punfied antitoxin have been deter 
mined by Dr Carl TenBroeck. The serum of a rabbit immunized against no rmal 
horse semm gave a precipitate with 1 /4 000 mb normal horse serum (containing about 
0 002 mg protein nitrogen) but gave no preopiUte with 1 mL of a solution of punfied 
antibody containing 1/10 mg. protem mtrogen 

Guinea pigs by the subcutaneous mjection of 0 003 mg. of punfied anti 

body mtrogen gave a typical anaphylactic reaction 3 weeks later when 0 05 mg of 
antibody protem mtrogen was injected mtravenously Similarly scnsitixed guinea 
pigs to react to normal horse plasma diluted 1 10, but 4 out of 6 reacted to the 
normal undiluted plasma containing 0.5 mg of proUm mtrogen. 

The punfied anbtoxm is, therefore, antlgcmcally distinct from the normal serum 
proteins. The fact that guinea pigi semitued with punfied antibody met with 
large amounts of normal horse, serum probably mdicates the presence of minute 
amounts of nonnal protem in the punfied antibody prepuiiation Extremely minute 
amounts axe sufficient to sensitize an mitmul and it is quite possible that such minute 
amounts of normal protein could be earned through the various steps of purification 

Bxjierxmenlal Methods 

Protein Ntlroien . — 1 ml, sample containing frem 0 01-0 10 mg. pro tem mtrogen 
was added to 9 mL (2 S per cent tndiloracetic acid 10 per cent salumtcd ammonium 
sulfate) and boiled. The suspension was allowed to cool and the turbidity measured 
against a standard tuspensian of punfied antibody m a Elettpbotoelectnc colorimeter 
The standard suspen^on was analyzed by mlcro-KjeldahL The values for protem 
nitrogen in the punfied samples are accurate to ± 5 per cent but those of the crude 
preparations and especially of the plasma CiacUon may be m error by 20-30 per cent 
imee the turbidity factor vanes with different proteins, 

Floccuhiion Test — ^Varying quantities of the solution to be tested were added to 
1 mL of toxin solution which had been titrated against a standard antibody prepara 
non. The tubes were unmersed m a 50"C water bath and the end pomt as 
that tube which first showed a flo ecu lent preapltant. With antidiphtheria plasma 
this method is accurate to ± 20 per cent but with punfied antibody the precipitation 
range is much wider and the error may be ± 20-d0 per cent. 

SotulrUUy Deterninaiuin — 50-100 mg of the sample were precipitated by 0.5 
saturated ammonium sulfate, centrifuged, and the precipitate stirred with 5 mL 
(0.5 saturated ammomum sulfate, 0 05 u pH 7 4 phosphate buffer) and centnfuged 
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This process was repeated until the protein nitrogen per ml of the supernatant was 
the same m two successive supernatants The sohd is now m equihbnum with this 
solution {cf Butler, 1940) 0 1, 0 2, 0 5, 1 0, and 2 0 ml of the suspension are placed 

m small centrifuge tubes and the volume of each made up to 3 ml with the above 
solvent The tubes are allowed to stand with occasional stirrmg for 2 hours 0 1 
ml samples are removed for determmation of total protem nitrogen, the tubes centn- 
fuged, and the supernatant analyzed for protem mtrogen It is possible to make a 
complete solubihty curve with 6 0-10 mg protem mtrogen and all of this may be 
recovered except for the amount actually used m the analytical samples 

The analyses reported were earned out by Miss Elizabeth Shears 

SUMMARY 

Purified preparations of diphthena antitoxin have been obtamed by di- 
gestion of the toxm-antitoxm complex with trypsm, followed by fractional 
precipitation with ammomum sulfate The various fractions obtamed m 
this way are aU 90 per cent or more precipitated by diphthena toxm but com- 
bme with different quantities of the toxm 

The fraction precipitated between 0 33 and 0 5 saturated ammomum sul- 
fate IS homogeneous by electrophoresis and ultracentrrfuge but does not have 
constant solubdity 

A small amount of a more soluble fraction has been obtamed which does 
have constant solubihty and satisfies the entena of a pure protem This 
protem crystallizes readily m poorly formed thm plates It is very unstable 
and reverts to a less soluble non-cr 3 ^taIlizable form It has a sedimentation 
constant of 5 7 X and a molecular weight of 90,500 It has an anti- 
toxic value of 700-900 flocculation umts per mg protem mtrogen and has 
an antitoxic value by the protection test of about 700 umts per mg protem 
mtrogen 

The precipitation range of the purified antitoxm with purified toxm is 
much wider than that with crude preparations 
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PURIFIED DIPHTHERIA ANTITOXIN IN THE ULTRACEimOFUGE 
AND IN THE ELECTROPHORESIS APPARATUS 

Bt ALEXANDRE ROTHEN 

(Prow Uie Laboralmas of Tke RocJuf^ttr Instttuiofor Medical BcttarcM) 
(Received for publication, Scptctnbcr 2, 1941) 

Several preparations of diphtlierla antitoxin of different degrees of punty 
described by Northrop (1) in the preceding article were investigated m the 
uitracentrifugc and m the electrophoresis apparatus The mam object was 
to test the homogeneity of the matenais and also to obtain a value for the 
molecular wci^t of the purified antitoxin 

UUracentnfuge Studies — At the tune this investigation was started, the 
only uitracentrifugc studies repotted on diphtheria antitoxin were those of 
Pappenheuner, Lundgren, and Williams (2) and of Paic (3) The molecular 
weight of antitoxin arrived at by Pappenheuner and coworkers was 184,000, 
whereas Paic, in a very indirect way, estimated that the sat of antitoxin was 
between that o! semm albumin and serum globulin It soon became evident 
that the preparatioiis obtained by Northrop with trypsm digestion were homo 
geneous in the uitracentrifugc, but that the value of the sedimentation con 
itant, ca; 5^ X 10"^ was considerably smaller than the value « 
7 2 X 10^ found by Pappenhenner el al Since then, Petermann and Pappen 
heimcr (4) obtained by pepsm digestion an antitoxin fraction which was homo- 
geneous in the uitracentrifugc, with a sedimentation constant ** 5 7 X 
10“° but only 33 per cent of the malenal was specifically precipitated by toxin. 
Tischus and Dahl (5) found also very recently that a pepsm-digestcd fraction, 
prepared according to Pope, was homogeneous fn the ultraccntrifuge with a 
constant of sedimentation jJ?** « 5 4 to 5 9 X The results which 

were obtained m the present study are summanxed in Table L 
The samples of antitoxin obtained by treatment of the toxm-antitoiin 
complex with trypsin hod different antitoxin titer by the flocculation test. 
They were also completely precipitated by toxin (Northrop (1), Table VH) 
However, it is apparent from the table that they all had very nearly the same 
constant of sedimentation, at SJS X The difference between the 

highest value, 5 7, and the lowest, 5^, is probably not significant, especially 
if one Considers that the value 5.3 was obtained m an experiment with a high 
protem concentration The sedimentation constant for the crystalhne mate- 
rial wax “ 5 65 X 10"° It seems probable that the preparations con 
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TABLE I 
Sedimenlalwn Data 


Sample 

Northrop corre- 
sponding sample 

Concentration 

motein 

1 Medium 

pH 


Vt, 

t 

101* 

IQll 



per 

ctnl 




millt 

poisi 

s 



1 Trypain-di- 
gested 

Fract 6, Table 
V 

1 1 

Phosphate 

0 1m 

7 5 

1 007 

011 6 

0 27 2 

6 0( 

3 5 27 

2 Trypsin-di- 
gested 

Fract 8, Table 
V 

0 5 

Phosphate 

0 05 M 

7 31 

5 1 004: 

311 6 

1 11 9 

4 3i 

t 5 56 

3 Trypsm-di- 
gested 

Fract 8, Table 
V 

0 3 

Phosphate 

0 05 M 
plus 1 per 
cent 

(NHOiSOi 

7 3 

1 olo; 

710 4i 

518 6 

4 81 

5 5 41 

4 Trypsm-di- 
gested 

Fract 8, Table 
V 

0 15 

Phosphate 

0 05 u 
plus 1 per 
cent 

(NH4)sSOi 

7 3 

1 0107 

'10 4f 

)17 2 

4 92 

5 40 

5 Trypsin-di- 
gested 

1 

Fract 8, Table 
V 

1 

0 65 

Phosphate 

0 1m 
plus 2 per 

1 cent 

1 (mOiSO, 


1 0258 

1 

11 48 

1 63 

4 38| 

1 

5 73 

6 Trypsin-di- 
gested 

Fract 12, Table 
V 

0 2 

Phosphate 

0 05 M 

7 35 

1 0043 

11 61| 

18 3 

5 28 

5 65 

7 Trypsin-di- 
gested 

Fract 8, Table 

V 

0 16 

Acetate ; 

0 1 M 

2 9 

1 0077 

10 40 

11 9 

4 29 

5 56 

8 No enzymatic 
digestion 

Fract 45-55, ( 

Table XH 

3 5 

Phosphate ' 
0 1 M plus 

2 per cent 
(NHOsSOr 

7 4 

1 0390 

11 70 

24 5 

5 75 

6 79 

9 No enzymatic 
digesbon 

Fract 45-55, ( 

Table XH 

3 85 

Phosphate ) 
0 05 M 
plus 1 per 
cent 

(NHdsSOr 

r 3 : 

1 0112 

10 46 

19 5 

6 31 

6 88 

10 No enzymatic 
digestion 

Fract 45-55, ( 

Table Vn 

) 15 

Phosphate 7 
0 05 m 
plus 1 per 
cent 

(NH«),S04 

’ 3 ] 

[ 0112 ■ 

to 46: 

[8 9o 

6 48 

7 18 

11 No enzjrmatic 
digestion 

Fract 5, Table C 

n 

I 28 

Phosphate 7 
0 05 M 
plusl per 
cent 

(NHdiSOr 

3 1 

0112 1 

:0 461 

:8 5 

6 27 

6 84 
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TABLE l-'-Omdadei 


StapU 

Noftliiop com* 

I 

i|I 


i 

1 

1 I 

B 

1 

. i 

1 

'.X| 

iot* 

■ix 

lO^ 

IX HonDsl 

Tract. 45-55 

Sfl! 

Bhocphaifi 

1 

7 3 

1 

1 0112 

: 

ftist \ 

:io 46 

1 

! 6 20 

1 6 S6 

pUcoa^ 

bulinfr^ 

tkpA 

13 Konnal 

1 Table XH 

1 

Frwtt.4S-55 

Q9 

, Q 05u 
pbslpo 
cent 

, (NHdiSO* 

1 

7 3 

1 

1 

1 om 

I 

i 

W K 

i 

IS 6, 

1 

6 IS 

i 

plASmsglo* , 
buUn frac ' 
don 

14. No en*yme 

Tebfexn 

TnbleIX 


0 05 M 
pins 1 per 

cent 

(NHOtSO* 

Acetkadd 

3 6 ! 

j 

1 

i 

\ 0025 

j 

10 15 

19 7 

1 

^5 98 
ta 40 

1 

|6 98 

1 

j 

f6 26 

toxb and 
todneotO' 
plex 


1 

OOSit 1 

1 


! 

1 

i 

1 

1 

1 


suted oi several proteiju of the same molecular size and shape but ^hich re- 
acted with different amounts of toxin 
Bhcperimeats performed ^th antitoxin preparations obtained without 
Uypsln treatment are vimmanzed in the second half of Table t All prepara, 
tions, whatever their titer In antitoxin, have the same Bedimcntalion. constant, 
cw 6-8 X 10“^ For example, Eogieniaent 12 was earned out with a 
fraction obtained from normal plasma, the material of Experiment 8 con- 
tained only 15 per cent antibodies, whereas the ratio L//PN, of the matenal of 
Experiment 11, was as high as that found for the purest sample obtained by 
trypsin digestion (900 X^/PN) However, the sedimentation constant of 
the three speennens Was the same within cxpenmental error Some of the 
sedimentation patterns can be seen m Fig 1 
It 13 worth mentioning that Kehwick and Record ( 6 ) recently came to the 
conclusion that there were at feast two distinct diphtheria antitoxins, one 
present m the ^bbulin and the other in the 7 globulin fraction of horse 
scruim They reported that the constant of sedimentation of the ^fraction 
was 7 18 X whereas that of the 7 Sraction was 6^7 X m agreement 
with the value reported here. Experiment 14 was made with the tonn anti 
toxin complex dissolved m 0 05 u acetic aad. Two components could be 
detected in roughly the same amount, but the sedimentation constants cor 
responded neither to toxin nor antitoxia- 
The diffusion constant was determined optically as previously described 
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(7) The measurements were made at 20° with the same sample and the 
same medium used for Experiments 3 and 4 of Table I The concentration 
m protem was 0 3 per cent The diffusion constant was calculated from 

^ ^ ’ where S is the diffusion area m cm 2 , / the tune m seconds, and 

ffmax the maximum height of the curve m centimeters It was found, for this 



Fig 1 All patterns obtained during the course of each sedimentation experiment 
have been superimposed on the same plate a, b, and c refer to Experiments 2, 3 and 12 
respectively (see Table I) A trace of the heavy component = 18 0 X 10“^® 
can be seen m Fig 1 c 

particular medium, Ao = 5 56 X 10~® from which the calculated value = 
5 76 X 10-^ 

Data have been summarized m Fig 2 where the values ^ are plotted against 

t As required by the theory, a straight Ime is obtamed which extrapolated 
passes through the origm, which shows that no disturbance occurred at the 
tune of formation of the boundary This had been observed by Longsworth 
(8) who used the hnear relationship E agamst 1/VT to represent his results 
on the diffusion of egg albumm As seen from the diagram, seven “diffusion 
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areas” were determuied, the relative values of the areas have been indicated 
Inside the patterns, the constancy of the values is satisfactory Since the 

ordinates of the diagram represent the ^ values, the relative heights B have 
been indicated for each pattern. 

iloleaiJar Wetihl oj the Purified Trypsin-Treated Antitoxin 

JiTs 

The toolecular weight was calculated from the usual formula if 

with the numerical values, - S 02 X 10"“ (Eipenments 3 and 4), 

« SM X 10-', » 0 ?49, pio “ 1.0107, from which J/ =■ 90.500 


»r 



5ecoad3xl2r^ 
Fio 2 


The shape factor^ aarlLii. 

/t (nOriW 

Petennann and Pappenheimer tqnrSd hr tinr pqism treated t^inpV 
2^'” » 5 8 X 10-’, - 1.22, sadJlrr^TO. 

It can then be concluded that tbec=a nolecule obtained by 
treatment has the same sire and sharia zorncre aantoiia obtained 

treatment The statement of Pea=ji Pappenheimer iha- 
crease m immunological potencvdms^iEedantitoiin is direcdv 

tional to Its decrease in sue,” dxszscotxz m hold m the case o. dv - jti' 
treated antitoxin since, aa ci=c 2 :;a*-- tne bactiou t<ai n ^ 

11 with a sedimentation coafi=-_;,< >’>irasasacc«ai-'"' 
tiod of Experiment 6 with . amnenaa: constant of ico x m 

Secirophoresu Expenna:e.-i=t^ Szx resulta 6bts-or^' ...axaZ 
Fig 3 F’g darqittacmsm.pmEcJc^dscenmn-’''-'' ' 
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205 minutes after the begmnmg of electrolysis, with the fraction used for 
centrifugation Experiment 7 (pH 2 9, specific conductivity 0 01095 at 0°) 
One component was present with a mobihty « = 4 05 X 10“® Current was 
reversed for 205 mmutes and the pattern appeared as seen m Fig 3 a' There 
was no appreciable reversible spreadmg Figs 35, 3c, 3d, correspond to 
fractions respectively 6, 8, and 12 of Table V of Northrop’s article (1) The 
samples were dialyzed m the same phosphate buffer pH 7 3, 0 05 ai (specific 
conductivity 0 00336 at 0°) Pictures b, c, and d were taken after electrolyzmg 
for 3 hours, 3 hours, and 2| hours respectively (8 volts/cm ) After reversal 



abed 



Fig 3 Electrophoretic patterns of purified trypsin-treated antitoxin 


of the current electrolysis was contmued for the same respective tunes and 
the appearance of the patterns was as shown m Figs 35', 3c! , 3d' Only 
one component could be detected movmg very slowly towards the anode with 
a mobihty « = —0 4 X 10^ There was, however, a considerable amount 
of reversible spreadmg m all three samples, especially m No 6 It has been 
often suggested that reversible spreadmg observed durmg electrophoresis of 
a protem near its isoelectric pomt is a measure of its electrical homogeneity 
Smee, m this case, the amount of reversible spreadmg was the same m two 
samples, one of them with constant solubihty properties, the question arose 
whether another cause than heterogeneity could account for the reversible 
spreadmg As suggested by Northrop (1), the phenomenon might be con- 
nected with electroendosmosis Experiments were then made with samples 
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of fraction 8, one bong dia^nted m veronal buffer ii/15, pH 7 J2 (specific con 
ductwlty 0 00273 at 0°), the other m veronal buffer u/lS plus ii/20 CaCIj, 
pH 7 1 (specific conductivity 0X)084l at 0^ Both electrophoresis experiments 
irere carried out mth a current density of 0 027 amp /cm * and the periods 
were BO chosen as to make the products e X ^ the same in both cases Results 



Id' 




-i. .. ii 

Id" la" Ed" Ra" 

Fic, 4. Electrophoretic pattemi of punfied trypsm treated antitoxin, demon 
Undng the effect of salts on leverdble spreading. 

can be seen m Fig 4 I refers to veronal buffer, H refers to veronal plus 
CaCh buffer, “a" and “iT' stand for ascending and descending boundaries, lo 
and Id show the bound anea before electrolysis, Iir^ and Id' after 85 minutes 
of electrolysis, and lir' and Id** 87 minutes after reversal of current. The 
amount of reversible spreading is considerable and the difference m the pattern 
of the nsmg and descending boundary is small Hn and Hd are the initial 
boundanea, Ha' and Hd' are the boundanea 240 minutes later, Tlrt* and Hd', 
the boundaries 240 minutes after reversal of the current The amount of 
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reversible spreading is small The presence of CaClj has diminished the 
spreadmg 

It can be concluded that reversible spreadmg m this case is not a measure 
of the homogeneity of the material 

Some electrophoresis experunents were conducted to find out how different 
the pattern of an unmune plasma would be from that of a normal plasma to 
which some purified trypsm-treated antibodies had been added Dilute 
samples of normal plasma, i mm une plasma, and normal plasma to which was 
added the same number of umts present m the immune plasma, were dialyzed 
agamst the same phosphate buffer, pH 7 3, 0 04 m (specific conductivity 0 00356 



c h a 

Fig 5 Electrophoretic patterns of normal plasma, unmune plasma, and normal 
plasma plus purified antibodies 

at 0°) After dialysis, the samples of immune plasma and normal plasma plus 
antitoxm, contamed about 250 umts per milhhter Electrolysis of each of 
the three samples was carried out with a current density of 0 027 amp /cm - and 
the appearance of the pattern after 1 J hours can be seen m Fig 5, a corresponds 
to the normal plasma, b to the immune, and c to the normal plus purified anti- 
toxm (all descendmg boundaries) The differences are sharply marked The 
addition of purified antitoxm has shghtly enhanced the amount of the 7 - 
globulm component of the normal plasma, whereas the pattern of the unmune 
plasma is very different There is a shght decrease of albumin, as so often 
noticed with immune plasma, a small mcrease of a- and /3-globuhns, and a 
very large one of 7 -globuhn, so large, m fact, that it prevented the resolution of 
the fibrmogen component The important conclusion to draw is that the 
large amount of 7 -globuhn present m the immune plasma contams either 
antibodies of much lower activity besides the pure antitoxm isolated, or a 
large amount of mert protem 
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Measurement of the area under the different maxima of the patterns permits 
estmmtmg the concentration of the corresponding components As can be 
seen from Table II, the concentration of the 7 -gbbulin fraction plus antitoxm 
in the immune plasma is 1 6 » per cent as compared to 0 6 per cent for the cor- 
responding fraction of normal plasma, phis purified antitoxin, havmg the 
total immunological potency 

It ai^ieais from Table XL that the large 7 fraction of the immune plasma 
has an average mobflity nearly twice that of the 7 fraction of the normal 
plflRmn plus antitoxim Since the fibnnogtn component was not resolved m 
the pattern of the immune plasma, definite conclusions cannot be made. It 
IS worth mentioning that Tisehus and Dahl (5) found that their immune glob- 


TABLE n 

EUdropkoruU rf Dilut* PUma 


ProUta cDDMltacat 


j 

Komal pUsas pfau 
portfied taUbooit* 
diO aait9)/fflt 

i Coaccft* 

! CrieSae 

: UobQlW 

Coocta* 


Cewen 

t7»iloo j 

llDtriUty 


|SBI 


po taJ 

-*xw» 

fw cal i 

-•xioi 

Total 

m 

— 

i 8 , 

— 

3 65 

— 

AOmidiL 

1 7 . 

4 9 

i 4 

4 4 

1 65 

s 2 

flhClobulhL 

0 40 

3 2 

0 53 

2 9 

0 40 

3 3 

^bbaUa 

0 39 

1 3 i 

0 78 

1 8 

0 40 

2 6 

FIhriiiogm. 

0 43 

1 ' ^ 

0 4 . 


0 42 

1 4 

7 -ClobuHa, antibodies. 

0 13 1 

1 ^ ^ 

1 6, 

0 9 

0 64 

0 4 


ulin fraction with a mobility of 2 0 to 2 4 X ICH was gradnally transformed, 
by treatment with pepam, Into a component merging into the 7 fraction 
UUracfninfui $. — The apparatus previously described was used The con 
trol of the temperature of the rotor has ^cc been greatly unproved Follow 
mg a suggestion of Dr Maclnnes of these laboratories, the possibility of malang 
sedim en tation expenmenta at low temperatnre was mvcstigated A cooling 
co3 connected with a commercial frigidaire umt was installed msidc the vacuum 
cha mb er The chamb er was Insulated by two concentric cylmders of polished 
chrome-plated copper sheets which were placed between the cooling coil and 
the walL Both steel cnd-platcs of the vacuum chamber were insulated by 
discs, also made of chrome-plated sheets Temperature of the rotor was 
meaxured by bringmg the junction of an uon-constantan couple mto contact 
with the rotor This could be accomplished while the chamber was evacuated 
because the thermoelement was mounted on a rod which could move vertically 
through an air tight bearing With this arrangement the rotor could be kept 
at any temperature between — 5® and room temperature In order to fadktatc 
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heat exchange, a pressure of 0 15 mm of hydrogen was mamtamed m the 
chamber for high speed centrifugation All experiments were made at 57,600 
R j ii Under these conditions the temperature of the rotor could be kept 
constant or nearly constant for hours if the temperature of the chamber was 
about 10° lower than that of the rotor For mstance, the temperature of the 
rotor durmg Experiment 12 (Table I) was 18 8° before centrifugation and 
19 3° after a 2 hour run at 57,600 r ii , an mcrease of only 0 25° per hour, 
five tunes less than under a vacuum of 10~® mm of Hg 
The rate of sedimentation was determmed by the Philpot-Svensson 
“Schheren” method In a few cases measurements were duphcated with the 
La m m “scale” method Both methods gave the same value for the calculated 
constant of sedimentation withm ±02 per cent 

SUMMARY 

Ultracentrifugation studies of diphtheria antitoxm showed that 

1 Purified antitoxm of high activity obtamed from horse plasma without 
enzymatic treatment has exactly the same sedimentation constant as the 
globulm fraction obtamed m a similar way from normal horse plasma sjo = 
6 9 X 10-13 

2 Purified antitoxm obtamed with trypsm digestion of the toxm-antitoxm 
) complex has a sedimentation constant of = 5 5 ± 0 1 X lO-i^, a diffusion 

constant of = 5 7a X 10“^, and a molecular weight of about 90,000 
Electrophoresis experiments demonstrated that 

1 The trypsm-purified antitoxin has an isoelectric pomt not far from pH 7 0 

2 The reversible spreadmg noticed at about pH 7 3 cannot be attributed 
to heterogeneous preparation 

3 The large mcrease m the y-globuhn fraction occurrmg durmg immuniza- 
tion consists either of antitoxm of various degrees of activity or of some inert 
protein in addition to the antitoxm 
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THE REVERSIBLE INACnVATION OF TOBACCO MOSAIC VIRUS 
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The inactivation of plant viruses by cniymic action has been rqiorted by 
several investigators (1-S) The inactivation may be irrcveisible as in the 
case of pQHm where vmu protein is hydrolyzed (3) or reversible as in the 
of trypsm whete the inactivation appears to be due m part to a decreased 
susceptibility of the test plant m the presence of the enzyme (4) Besides 
its protein component tobacco mosaic virus also contains a ribonuclac add, 
which thus far has proved necessary for vims activity In experiments with 
phosphatase Pfanhuch and Kausche (5) have demonstrated inactivation of 
tobacco mosaic and btent mosaic viruses and, although chemical proof was 
lacUng, suggested that the loss of activity may be due to a splitting off of 
a phosphate group from the virus nucleic aod It is unlikely that phos> 
phktase would affect the nucleic aad present m a virus particle because it 
has no demonstrable effect on the free nucleic aad itself (6) The crystalline 
tibonucieasc recently isolated by Eunitx, on the contrary, sphts yeast ribo- 
nucleic acid mto partides which have a higher diffusion rate than free ribo- 
nudcic acid and are not prcdpitatcd by glaaal acetic ocid (7) It also pro- 
duces a similar change In the free virus nucleic aad and depending on the 
type of linkage between protem and nudeic acid m the vima might be ex- 
pected to ^ht off a portion of the nucleic add Preliminary eipcnmcnts 
showed that the virus was inactivated by relatively low concentrations of 
ribonudease Studies on the rate of inactivation, on the effect of different 
enzyme concentrations and of dilution of the inactive virus-enzyme mixtures 
on virus activity suggested that inactivation was brou^l about by a combi- 
oatioQ of virus with ribonudease. In more concentrated solutions and m 
the absence of salt, the vurus-enzyme complex separated in the form of long 
fiber like particles, which on analysis proved to contain about 14 per cent 
ribonudease That this inactive complex could be readily dissooatcd to 
give back virus was shown by recovery of about 100 per cent of the original 
virus activity from an inactive vinis-cnzyme complex and by the solubility 
behavior of the complex at different hydrogen ion concentrations This paper 
presents the results of these experiments 
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Effect of Riboniiclease Concentraiion on Virus Activity — ^Preliminary experi- 
ments showed that the virus activity of solutions contammg from to 
10-® gm of purified tobacco mosaic virus per ml was stnkmgly reduced by 
the presence of relatively small amounts of crystalline nbonuclease ^ In 
order to determme the effect quantitatively solutions were made up contammg 
10~® and 10~^ gm of virus per ml respectively and enzyme concentrations 
in steps of ten from 12 X 10-^ gm per ml to 1 2 X 10"^ gm per ml m 0 1 


TABLE I 


BJ’ect of Ribonudease Coiicenlration on Virus AchvUy When Tested Immedmldy after Mixing 


Concentration 
(gm protem per ml ) 

Phasealut mlgarts* 

NicoUana glultnosa' 

No of lesions 

Concen 
trabon of 
control 
(gm per 
ml ) 

Per cent 
oft 

oripnal 

activity 

No of lesions 

Concen- 
tration of 
control 
(gm per 
ml) 

Per cent 
oft 

activity 

Virus 

Ribonudease 

Mixture 

Control 

Mixture 

Control 


1 2 X 10"“ 

4 1 

4 

10"’ 

1 0 

40 

3 

10"’ 

10 

10-’ 

1 2 X 10"^ 

39 

15 

10-^ 

2 6 

149 

3 

10"’ 

so 

1 2 X 10-8 

135 

70 

io-» 

20 

138 

36 

10-» 

40 


1 2 X l(r« 

551 

394 

KT' 

140 

251 

1 

203 

10"’ 

125 


1 2 X 10"* 

6 

6084 

io-» 

0 1 

1 

36 

312 

10"’ 

10 

■1 A— 1 

1 2 X i(r« 

14 

6084 

10"’ 

0 2 

133 

312 

10-» 

40 


[ 1 2 X l(^« 

317 

6084 

10"’ 

5 

424 

312 

10"’ 

140 


1 1 2 X 

1 

1489 

6084 

10-’ 

25 

387 

312 

10"’ 

130 


* With a concentratioii of gm virus per ml , 10 to 16 half leaves were used for each 
mixture and its respective control with a concentration of 10"’ gm virus per ml , 5 to 8 
whole leaves were used both for the test solution and the controls 

t Calculated from the number of lesions obtained from the mixture and the control and 

No of lesions (mixture) 

their respective virus concentrations. Per cent ongmal acbvity = — — ; X 

No of lesions (control) 


Conc entration of virus (control) 
Concentration of virus (mixture) 


X 100 


ji phosphate buffer at pH 7 The activities of these solutions were then com- 
pared immediately by the half-leaf method (8) on leaves of Nicohana gltUtnosa 
L and Pltaseoliis vulgaris L var Early Golden Cluster with concentrations 
of vmis which gave approximately the same number of lesions The ac- 
tivities of the solutions were then calculated as percentage activity of the 
original virus solutions m each case These data which are summarised in 
Table I show that an enzyme concentration of 1 2 X 10"® gm per ml has 
httle or no effect on virus activity at a virus concentration of 10"® gm per 

^ The wnter is mdebted to Dr M Kunitz for the preparation of crystallme nbo- 
nuclease 
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ml In this more dilute vinia aolution a deacase in activity %vas observed 
with a concentration of 1 2 X 10"* gm ribonudeasc per ml when tested on 
Early Golden Cluster plants but the effect was not pronounced until a con- 
centration of 1 2 X 10"' or lv2 X 10"* gm per mb was reached Some differ 
encfi Tsas obsened m the behavior of the two types of test plants As in 
earlier expenmenta with trypsin (4) the F vuJgaru plants were relatively 
more sensitive to the enzyme 2\f gtuhnoja plants With a virus concen- 
tration of ICr* gm per mb, higher enzyme concentrations were required to 
show inactivalion, indicating in the case of the mote dilute virus solutioaa 
that the inactivation was not due entirely to a decreased susceptibihty of the 



Fio 1 Effect of tune of standing on inacffvabon of tobacco mosaic virus by ribo- 
nudease. 

test plants m the presence of ribonuclease. In this connection it is of m 
tcrest to compare the enzyme concentrations which produced inactivation 
with the concentrations of trypsm and those of various inert proteins which 
cause an inhibition of virus activit> os studied by Stanley (4) and Ross and 
Stanley (9), respectively The amount of nbonudease required to cause al- 
most 100 per cent inactivation is of the order of one-one hundredth the amount 
of trypsm and is about one-one hundred thousandth the amount of umctrvc 
proteins studied by Russ and Stanley (9), which produced about a 50 per 
cent inactivation 

Raie cf iMciivation oj Virus — The question of the effect of time on the 
inactivation of virus was studied by comparmg the activity of virus-enzyme 
mixtures with suitable controls immediate!} and after they had stood at 
room temperatures for varying periods of time up to 10 days. The results 
of a typical cipenment are shown m Fig 1 The mixture consisted of virus 
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at 10-3 guj pgi- jjj and enzyme at 1 2 X lO-^ gm per ml m 0 1 M phosphate 
buffer at pH 7 The control was a solution contammg IQ-® gm virus per ml 
The control virus solution and the enzyme-virus mixture m each test were 
inoculated on 12 half leaves of Phaseolus vulgans var Early Golden Cluster 
In all cases the activity after standing was not significantly different from 
that of the solution when tested immediately after imxmg There was no 
suggestion, therefore, that the mactivation was due to a progressive hydrolysis 
of virus 


TABLE n 


Effect of Dilution on Activity of Vtrus-Rtbonuclease Mixtures 


Virus-enzyme mixure 

Cgm protem per ml ) 

Pkaseoluj vulgaru* 

Dilution 

No of lesions 

ConcentratioD of 
contr<^(^ per 

Per cent oft 
ongmal 
activity 

Mixture 

Control 


Undiluted 

948 

496 

10"' 

1 9 

Virus 10~’ 

1-5 

987 

660 

10-« 

7 5 

Enzyme 1 2 X 10"' 

1-10 

993 

430 

10"* 

23 

1 

1-50 

370 

530 

10-‘ 

35 


1-100 

645 

897 

10"' 1 

70 


1-500 

212 

180 

2 X 10-« 

120 


1-1000 

47 

51 

10"" 

97 


Undiluted 

39 

53 

10-« 

0 07 

Virus 10-’ 

1-5 

128 

33 

10"' 

2 0 

Enzyme 1 2 X 10~* 

1-10 

186 

40 

io-« 

4 6 


1-50 

233 

43 

10-» 

27 


1-100 

160 

71 

10-» 

22 


1-500 

139 

109 

10-« 

64 


1-1000 

120 

87 

10-' 

138 


* 12 to 16 half leaves were used for each mixture and its control solution 
f Calculated as m Table I 


Effect of Dilution and the Reversal of Inactivation — It is well known that 
the dilution of mactive antigen-antibody complexes m many cases causes a 
partial reactivation of the antigen If the observed mactivation of tobacco 
mosaic were due to an unspecific combination of virus with nbonuclease or 
to an inhibitory or toxic effect on the plant, then reactivation of mactive 
mixtures might also take place with dilution The activities of several virus- 
enzyme mixtures were therefore compared at various dilutions with control 
solutions contammg the same amounts of virus activity m the absence of 
enzyme These results are summarized m Table II It may be seen that 
a mixture of enzyme and virus which contamed only a fraction of 1 per cent 
of the ongmal virus activity was fully active when the solution was diluted 
from 1 to 500 to 1 to 1000 tunes 
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It seemed apparent from these experiments that if a virus-enxyme com- 
plex were formed, it was readilv dissociated Attempts were made to icstore 
the original specific activity of an inactive virus-enzjrae mature by repeated 
differential ultracenlifugation Free or combined virus would be expected to 
sediment in a centnfugal field which would leave the uncombined enzyme m 
the sufiematant hquid Re-solution of the pellet m dilute phosphate buffer 
and sedimentation would leave an additional portion of enzyme m the super 
natant liquid and repetition of the process should finally result m the ehmina 
tion of all the enzyme 


T\BLE m 

Rxcovtry of \irus \cimly from an Inacih* Virus Enzyme Mixiurt by Rspealed Speed 
CtninfuiaftoH 


Treatment 

, No of Icuoos oa Ph*u» 
1 Expoimeot 1 

Iw rst *rlf aad ^Ivity 

1 EipcrloMal 2 

UUloti 

CogUol j 

Ptr ceni 

1 of 
oeWaol , 
tciivity 1 

UUtort 

Cootn>l 

P« ctai 
of 

cuylly 

(i) 

10“* gm virus + 2 7 X l(l~' gm, rtbonu j 


1 






clease per ml ' 

0 

2i43 1 

0 




(J) 

\bove mixture centnfuged and sediment 1 








suspended In 0 1 u phosf^te 

127 

7S6 

17 

273 

1020 

J7 

0) 

Solution of sedimented virus from (2) i 








treated as in (2) | 

1193 

1701 1 

63 1 

635 

770 1 

82 

(« 

Solution o( sedimented virus from (3) ' 





1 



treated os In (2) ' 

487 

670 

73 1 

476 1 

676 i 

70 

(5) 

Solution of sedimented virus from (4) 1 








treated os in (2) 

198 1 

3Z5 1 

61 1 

6S0 1 

741 1 

92 


* No of l cdooi (mixture) ^ 
No oflenonj (control) 


Expcrtmatlal Procedure — 0 21 ml of nbonuclcasc solution containmff 2 7 x 10“* 
gm nbonuclease per mb was added to 14 ml of punfied tobacco mosaic virus contom 
ing 1 mg of virus per ml in 0 I m phosphate buffer This solution and the control 
containing an equal amount of virus were centnfuged in stainless steel tubes at 550 
R.P VL for U hours and the supernatant liquids were poured off 10 mb of 0 1 u 
phosphate at pH 7 were added to each lube and the virus pellets were rcdissolvwb 
0 1 mb samples were removed from each lube diluted with 9 9 ml of 0 I u phosphate 
at pH 7 and inoculated b^ the half leaf method on 12 to 16 leaves of Pkascoius 
vuJgans var Earl> Golden Cluster The remaining solution was subjected to three 
additional ccntnfugal cjcles samples being rcmoircd as desenbed above after each 
sedimentation 

After one sedimentation the specific activity of the sedimented material 
as sliown in Table III was from 17 to 27 per cent that of untreated virus 
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After two sedimentations the activity was about 70 per cent and after four 
sedimentations the activity of the treated virus was about the same as that 
of the original sample 

CryslaUisalion and Analysi<: of Virus-Enzyme Complex — When an enzyme 
solution was added to a solution of virus containing 10~^ gm per ml or more, 
in 0 1 M phosphate buffer at pH 7, it was observed that a precipitate formed 
which redissolved when the solution was mixed When a dialyzed enzyme 
solution was added to a virus solution in the absence of salt, however, the 
precipitate which separated failed to redissolve Microscopic examination 



Fro 2 Fiber crystals of tobacco mosaic virus-nbonucleasc complex 240 X 
Photographed in light and dark fields respectively 


showed the precipitate to consist of needles similar to those obtained when 
the purified virus is treated with ammonium sulfate The careful addition of 
enzyme to a stirred-virus solution m the absence of salt resulted m the separa- 
tion of long fibers as shown in Fig 2 Nitrogen analyses of the supernatant 
liquids obtained after successive additions of enzyme showed that the amount 
of soluble nitrogen decreased to a minimum which was almost zero and then 
as more enzyme was added the xmlue increased The precipitate was in- 
soluble m distilled water even after four wmshings in the centrifuge but could 
be dissolved readily by the addition of a trace of acid or alkali or phosphate 
buffer at pH 7 

In order to determine whether or not the precipitate consisted of virus 
alone or of xorus m combination wuth enzyme or whether phosphorus had 
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been spbt off, nitrogen and phosphorus detenninations were run on the washed 
precipitate and on the supernatant liquid and washings from a known quan 
tity of virus and enzyme 

ExptnmiM Procedure.— In Expenment 1, 0.2 mL of tn aqueous ribonurlrase 
solution containing 2.84 mg of nboouckase mtiogcn per mL was added slowly with 
stimng to 10 ml. of tobacco mosaic virus solution am taming 2.09 mg of virus mtro^ 
gen The resulting pieapitate was centrifuged at 2200 E.FaL, the supernatant liquid 
was carefully removed with a dropping pipette, and the precipitate was washed four 
hmi^ in the centnfuge with 2 mL porticns of djsliiled water The first supernatant 
liquid and the washmgs were combined, and the insoluble preapitate resuspended 
m water was dissolved by the addlffon of a drop of 0 1 k NaOH. 'Uiquots of both 
solutions were then for mtrogen and pbo^horus analyses. In Experiment 2 

TABLE IV 

Disirihiilcn qf Nilnim and Pkaphoms {* PruipitaU tutd Supmatani Liquid q/tcr Ifixuii 
Kiurwti QuofUUut qf Vtnu and RSbtnadMSi 
2 09 mg. of vires nicmgea + 0 568 mg. rtbonoclease nitrogen 


ExtMtioMat 

Itttolgbt* predpiUi* 

1 Sopcnalut UquU ui4 I 

1 «uiilaa> 1 

Rjopygy 

Xltretta 

; Pbocpbonu 1 

NUxofca 

Pbeofboru 

Nitrocta 

Fbckspboru 


■I 

•I 

mt 

"i 

fa cal 

fa tat 

1 

2 43 

0 077 

0 27 

<0 001 : 

102 

103 

2 

2 40 ' 

0 0T4 

0 26 

<0 001 ! 

100 

99 


* >ntrciscn and phosphonts detemuned by the rsothods of Levy arid Palmer (10) and 
(11) respectively 


the same procedure was followed with the exception that the nbonudeasc added 
was dissolved m 2 mL of water 

The results of two expenments arc shown m Table IV Because all the 
phosphorus was present os virus and was reoavered m the precipitate, it can 
be concluded that the virus was quantitatively preapitated and that no au 
cleic add was spht off A comparison of the mtrogen to phosphorus ratio 
of the preapitate with that of the otigmal vims showed some additional 
enzyme mtrogen was also precipitated and was present in sufficient^ strong 
combination to remain with the virus even after the preapitate had been 
washed four times 

The fact that a relatively insoluble vinis-em^Tne complex can be prepared 
provides evidence that the loss of virus activity when enzyme is added to 
virus in the absence of salt is due at least in part to the formation of such a 
complex A comparison of the relative isoelcctnc points of the virus, pH 3 J 
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and the enzyme about pH 8, shows that m a neutral solution such a complex 
would, m fact, be expected ^ 


DISCUSSION 

The fact that no nucleic acid fraction is spht off when ribonuclease is added 
to the active virus provides some insight mto the type of combination between 
the protem of the virus and its nucleic acid and the nature of ribonuclease 
activity Nucleic acid would appear to occupy an integral rather than a 
termmal position m the virus particle, for m the latter case hydrolysis by ribo- 
nuclease might be expected Other evidence for such a hypothesis is the fact 
that the hberation of nucleic acid by treatment with alkah or urea is accom- 
phshed only with the destruction of the large virus particle mto much smaller 
protem and nucleic acid components, as shown by the low rates of sedimenta- 
tion of the spht products (12, 13) In so far as nbonuclease activity is con- 
cerned it is evident that m the case of the tobacco mosaic virus nucleoprotein, 
ribonuclease fads to hydrolyze the linkage between nucleic acid and protem 

The mactivation with nbonuclease appears to be comparable to that found 
for other protems with high isoelectric pomts, and is probably related to the 
formation of complexes between oppositely charged protein particles The 
complex between virus and nbonuclease appears to be of the same type as 
that reported by Bawden and Pine (14) to result from the action of clupem 
and papam on tobacco mosaic virus and as the ovalbumm-nucleic acid com- 
plex described by Macinnes and Longsworth (15) The complex formed 
with tobacco mosaic virus u nlik e the latter, however, is msoluble m distilled 
water and gives the characteristic crystals or fibers The solubihty m salt or 
shghtly acid or alkahne solutions suggests either partial or complete dissocia- 
tion under these conditions as is the case for the ovalbumm-nucleic acid 
complex 


SUMMARY 

The reversible inactivation of tobacco mosaic virus by crystalhne nbo- 
nuclease IS reported Studies on the effect of time of standmg on the amount 
of mactivation, and on the effect of dilution and repeated high speed centn- 
fugation on the recovery of virus activity, and the preparation of an msoluble 
virus-enzyme complex show that the inactivation is brought about at least 
m part by a combmation between virus and enzyme The significance of the 
fact that nbonuclease has no detectable effect on the virus nucleic acid when 
the latter is m combination with protein m the form of virus is discussed with 
respect to the structure of the virus 

~ A similar insoluble complex was formed with the bushy stunt virus and nbo- 
nuclease but m this case the preapitate was not definitely crystalline 



HUBEIT E LOSUNO 


505 


BIBLIOGRAPHY 

1 Lojldn, M , and Vinson C G , Ccntrxb Bcy<c Tbtmpun Insi , 1931, 3, 147 
2. Caldffcli, J , Atm AppI 1933, 20, 100 
3 Stanley, W M , Phytopaiht^iy, 1934, 24, 1269 
4. Stanley, W IL, PkytopcOuAacyf 1934, 24, lOSS 

5 Pfankuch, E , and Kausche, G A., Btoch^ Z , Berlin, 193fl~39, 301, 223 

6 Tiikahaahi, K., / BuKhtm. Japan, 1932, 16, 463 

7 Kumti, iL, J Gen 1940, 24, 15 

8, Lormg, H. S , / SvA. Oum , 1937, 121, 637 

9 Rom, A F , and Stanley, W M-, J Ctn Pbytuil , 1938, 22, 165 

10 Levy, iL, and Palmer, A. H,/ BwL Oem , 1940, 138, 57 

11 King, E. G Biocksm J , Loudon, 1932 26, 292 

12 Lormg, H. S , and StanlQr, W ML, 7 BwL Chtm , 1937, U7, 733 

13 Stanley, W IL, and Laoficr iL A., Sii^nce, 1939, 345 

14. Bawden, F C, and Kue, N W , Pw Roy Sec, London^ Senu B, 1937, 123, 
274. 

15 MacTnnes,D H., and Long3worth,L,G,3aence, 1941,93,438 




AN ELECTROPHORJETIC STUDY OF MIXTURES OF OVAEBUMIN 
AND YEAST NUCLEIC ACID 

LEWIS G LONGSWORTH axd D A MacDWES 
{Prom ihs Lahoroiorw of Tht RockefcUer Ituitiuicfor Medical Research) 
(Received (or publication, December 4, 1941) 
tNTRODUenON 

In an ideal electropboresia of a solution of two components the volumes 
swept through by the rising and descending boundaries due to each component 
are identical and are proportional to the mobilities of the separate components 
Moreover the area under each ‘^peak** m the electrophoretic pattern is pro- 
portional to the stoichiometnc concentration of that component m the mixture 
to which It IS due In this Ideal or lumtmg case the patterns for the two sides 
of the channel of the Tisehus electrophoresis cell arc mirror images of each 
other 

The two patterns are, however, never exact minor Images The authors 
have already discussed^ the osymmetnes, including the 3 and < effects, that 
are observed in the electrophoreuc patterns of a single component and devia 
tlons of this type ore, of course, to be expected in the electrolysis of mixtures 
In the case, however, of some mixtures asymmetries were observed* which 
appeared to be due to interaction between the constituents This led to the 
research, to be described below, m which the effect of interaction of components 
on electrophoretic patterns has been mveaUgated further, using mixtures of 
ovalbumm and yeast nucleic aad It is also the purpose of this paper to 
indicate a method for the electrophoretic analysis of mixtures in which certam 
types of mteraction occur, and to discuss the manner m which the asymmetnes 
m the electrophoretic patterns arise. 

EXPKRTlfKNTAL 

The ovalbumm used m this research was prepared by the method of La 
Rosa* and was recrystalliied three tim^ The nucleic acid was a sample pre- 
pared under the direction of Dr P A. Levene of these Laboratories, This 
material was clectrophorctically homogeneous, xa. gave a am^e sharp peak, 

' Longsworth L. G and TlfacTnocs DA, / Am, CAr«, Soc,t 1940, 62, 705 

*Lons*wortb L G , Cannao, R. K., and Msr.Thnca DA, / Am, Cion, Soc 
1940 62, 2580 

• I-a Rosa, \V , Chtmul Analyst, 1927, 16, 3 
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Other than the 5 and e effects, m the electrophoretic pattern It was observed, 
however, that some of the acid was lost on dialysis m cellophane tubing 
Hence it was necessary to dialyze for a definite interval and correct for the 
material lost 

The patterns of Fig 1 were obtamed m the electrophoresis of a mixture of 
1 15 per cent ovalbumm, P, and 0 SO per cent nucleic acid, iV, m a 0 1 N sodium 
acetate buffer at pH 5 34 In this buffer both components carry appreciable 
negative charges, the mobihties havmg the values Up= - 2 8 X and Utf = 

13 1 X 10~® Under these conditions a pattern for the mixture is essentially 
the sum of the patterns for the two components which were obtamed separately 

The patterns of Fig 2 were obtamed with a sumlar nuxture, 1 15 per cent P 
and 0 67 per cent N, but m a 0 1 N sodium acetate buffer at pH 4 63 In this 
solvent the protein stiU has a small negative mobdity, —0 2 X 10~®, but the 
patterns exhibit asymmetries'* that cannot be explamed m terms of the 5 and e 
effects alone Thus the displacements of the boundaries b and y, Fig 2, are 
proportional to the normal mobihties up and «y, respectively, but the dis- 
placement of the boundary /3 corresponds to a mobihty some eight times greater 
than the mobihty of ovalbumm at this pH, while the displacement of the 
boundary c® corresponds to a mobihty appreciably less than that of nucleic 
acid Moreover, the area under the boimdary at y corresponds, after cor- 
rection for the dilution due to the 5 effect,* to only 0 56 per cent of nucleic acid 
whereas the actual concentration of that component was 0 67 per cent Ako 
the area under the boimdary at c would correspond to 0 93 per cent if this were 
due entuely to nucleic aad The results of this experiment are, as will be 
shown below, consistent with the assumption that the boundaries y and b 
are due to nucleic acid and ovalbumm, respectively, movmg with their normal 
mobilities, but whose concentrations have been modified by mteraction The 
boundaries ^ and c wdl, on the other hand, be shown to arise from the com- 
plexes due to combmation of the components It will be shown that the 
displacement of these boundaries mvolves the equihbrium between the com- 
ponents and the complex m addition to the motion of these substances m the 
existmg electric field 

Although the patterns are not reproduced m this paper, experunents have 
been performed m which each of the four variables, t e pH, lomc strength, 

•* We have observed sumlar asymmetries m the patterns of mixtures of ovalbumm 
and salmine, which is a basic protamme, except that m this case the patterns approach 
those of a normal mixture at pH values below the isoelectnc point of the protem 

® It may be noted m Fig 2 that the gradients of refractive index m the boundary at 
c are not symmetncal about the ordmate passmg through the maxunum gradient 
In measurmg the displacement of this boundary it is necessary, therefore, to follow 
the procedure suggested by one of us (Longsworth, L G , Ann N Y Acad Sc , 
1941, 41, 267) 
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protein concentration, and nucleic aad concentration, have been altered 
systematically The results, some of which ore given m Table I, indicate that 



Fio 1 



Fia 1 Electrophoretic patterns of a mixture of ovalbumin 1 25 per cent, and yeast 
nudeic aad, 0 50 per cent m a 0 1 N sodium acetate buffer at pH 5^ The patterns 
were obtained after eketrophotesu for 5000 seconds at 121 volts per chl 

Fio, Z. Electrophoretic patterns of a mixture of ovalbuium 1 15 per cent, and yeast 
nudeic aad, 0 67 per cent In a 0 1 N sodium acetate buffer at pH 4.63 The patterns 
were obtained after electrophoresis for 7000 seconds at 6 97 volts per on. 

pattern asymmetries of the type described above are enhanced by dccreasmg 
the lomc strength or by mcreasing the concentrations of the protem or the 
nucleic aad or both The patterns of Figs 1 and 2 illustrate the important 
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idle that pH plays in such expenments Experiments at pH values below 
4 6, the isoelectric pomt of ovalbunnn, are comphcated by the partial precipi- 
tation of the components For electrophoretic study, removal of the preapi- 
tate that forms on dialysis of the mixture® is not sufficient smce additional pre- 
apitation frequently occurs, durmg an experiment, that mterferes with 
observation of the boundaries Thus m an experiment at pH 4 45, with condi- 
tions otherwise similar to those represented by Fig 2, only a shght precipitate 
formed on dialysis and this was removed before electrolysis but durmg the 
latter procedure an optically opaque stratum of precipitate formed m the 
channel between the 8 and the /9 boundaries on the anode side This pre- 
apitation was probably due to the decreased lomc strength m this region of the 
cell arismg from the 8 effect and suggests that the solubihty of the ovalbumm- 
nucleic acid complex is very sensitive to the lomc strength as well as to the pH ^ 

Elecirophoretic Analysts of Ovalbiimin-Nucleic Acid Mixtures 

The distribution of the components m the cell before and after electrophoresis 
IS shown m Figs 3 and 4 The boundaries between the buffer solution and 
solution (m the buffer) of ovalburmn at an imtial or total concentration pt 
and nucleic acid at a total concentration Ut were present m the planes a and 
a of Fig 3 at the time the potential was apphed After passage of a current 
the boundaries m the anode side of the channel (Fig 4) had swept through the 
volumes Vy and while on the cathode sides the volumes were Fj and Vc 

The material recovered from the channel between the boundaries at jS and y 
was found by direct experiment to be pure nucleic acid at a “separated” con- 
centration n, whereas that between the boundanes at b and c was pure oval- 
hii min at a correspondmg separated concentration p. Since the passage of an 
electric current does not produce changes of composition m the body of a 

® The preapitate formed m a 15 ml sample of a 1 15 per cent P-0 58 per cent 
N mixture m a 0 1 N sodium acetate buffer at pH 4 34 was separated, dissolved m 
15ml ofaOlju sodium phosphate buffer at pH 6 80, dialyzed agamst this buffer, and 
analyzed electrophoretically The pattern mdicated no interaction at this pH and 
corresponded to a mutture of 0 40 per cent P and 0 13 per cent N Moreover the 
ovalburmn thus separated electrophoretically from the nucleic acid nas still native 
and showed the same relative amounts of the Ai and A^ modifications {cf footnote 2) 
as in the ongmal stock solution of the protem It thus appears that preapitation 
imder the conditions outhned here does not denature the protem and that the complex 
with nucleic aad is reversibly dissoaated at pH values suffiaently above the iso- 
electnc pomt of the ovalburmn 

‘ Our observations concemmg the mfluence of pH and lomc strength upon the 
solubihty of the ovalbumm-yeast nucleic aad complex are m quahtative accord with 
those of Hammarsten and Hammarsten (Hammarsten, E , and Hammarsten, G , 
Acta med Scand , 1928, 68, 199) on the complex formed by the related matenal, 
thjTnus nucleic aad, and ovalb umin 
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homogeneous solution the protem solution m the bottom section of the channel, 
and the buffer solution in the two sides of the top section, remain unchanged 
Moreover, ovalbumin and nucleic aad neither enter nor leave the cell • Con 
sequently if the pattern for one aide of the channel indicates a loss by electro- 
phoretic migration of one of these components the pattern for the other side 
should indicate a correspondmg gam of that component. 

Refcmng to Fig 4, the quantity of protein initially present in the volume 
Vt was V pi while that present m the same volume after electrolysis was 
(V* — Vh)p Thus the loss of this component from the cathode side waa 

Catl¥3de Anode CaUwde Anode 



Fic 3 Diagrammatic representation of the initial distribution of mat^rmU m the 
electrophoresis channd- 

Fto. 4. Distribution of materials in the channel after electrophoresis. 

y Pt — (y — Vk)pt and this should equal the gam on the anode side, namefy, 
VpptPf m which pr IS the dflution factor of the protem at the 3 boundary 
Therefore, 

V pi — {y — — VtPtPr (I) 

and similarly for the nucleic add, 

V^i- Vmipjfy(Vy- V/int ( 2 ) 

• The buffer electrolytes on the other hand, move through the cell but the quantity 
of these mateiialt present at any instant remains constant, except for negligibly tnmH 
effects due to volume changes accompanying electrophoretic separadon of the rom 
pouents if the partial volumes of the latter are not additive. f 
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in which p,v IS the corresponding dilution factor for the nucleic acid All of 
the terms m equation 1, for example, can be obtamed from the electrophoretic 
patterns of the nsmg and descendmg boundaries, with the exception of Pt, 
if the specific refractive mcrement of the protem is known Thus from the two 
patterns the total concentration of protem, ft, may be computed whether in- 
teraction takes place or not This is obviously also true of equation 2, and 
}it Smce the composition of the mitial solution, and therefore ft and «(, 
were known a companson of the observed and computed concentrations affords 
a test of our mterpretation of the phenomena occurrmg durmg electrophoresis 
In making computations with the aid of equations 1 and 2 it will be assumed 
that the dilution factors are given by the relation 

Pp = Pv = - As) /A, (3) 


m which At is the total area of the electrophoretic pattern and As that due to 
the 5 boundary The assumption that pp = p^v is m accord with the theory of 
Henry and Brittam® who showed, for a somewhat simpler system, that at the 
5 boundary "the advancmg column will hold its constituent ions m the same 
relative proportion as m the ongmal sol ” The additional assumption con- 
tamed m equation 3, namely, thatp ~ (At ~ As)/Ai, represents an approxima- 
tion based upon the observation that the gradients of buffer salts m the 5 
boundary, bemg s imil ar to those m the e boundary, are small m companson 
with the gradients of A* and IV 
Equation 1 may be rearranged to give 


Pt 


Vc- Vi ^ 

Vc - 


Vc - Vb 
Vc - Vffp 


kpAs 


(10 


m which Ab IS the area under the boundary at 5 and kp is a. factor convertmg 
this area mto protem concentration This factor, whose value is 0 003776, 
depends only upon constants of the apparatus and the specific refractive 
mcrement of ovalbumm, taken as 0 00184 for the Hg blue and violet fines 
used m the present research Similarly, equation 2 may be rearranged to 


fit = 


Ft - Tg 
Vc-VfiP ' 


Vy-V0 
Vc - VffP 


kifAy 


(20 


m which yfev = 0 005185, the specific refractive mcrement for nucleic acid 
bemg taken as 0 0013 

3 Henry, D C , and Bnttain, J , Tr Faraday Soc , 1933, 29, 798 
This value is taken from the work of Seibert and Watson (Seibert, F B , and 
Watson, D W , / Biol Cliem , 1941, 140, 55) It may be noted in this connection 
that the conclusions of our paper are actually mdependent of the values of the specific 
refractive mcrements since the concentrations of our stock solutions of both oval- 
bumm and nucleic aad were detemuned refractometncally 
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The data necessary for computations with the aid of the foregomg relations, 
as obtained m five experiments in which the relative proportions of ovalbumm 
and nucleic aad were varied, are given m Table I The data obtained from 
the patterns of Fig 2 arc given in the fourth column of this table The other 
patterns were qualitatively mmilar The areas (Imea 1 to 5) under the peaks 
of these patterns arc in arbitrary plammctcr umts whereas the displacement 
volumes (lines 6 to 9) are m miUihters per second per umt potential gradient 
Line 10 of Table I contains the concentration of ovalbumm used m each ex 
penment whereas line 11 contains the value of the concentration of albumin 
computed with the aid of equation 1' Lines 12 and 13 contam the corre 


TABLE I 

EUdropkardk Anclyxu of Uixturtx of Ovo&umln and Yeasi NucUie Acid tn Od S Sodinm 
Acdoio oifU 46i and (fC 


Expoiin cs t N 0 

t 1 

■ni 

3 

4 

! = 

1 At 

133 0 ! 


254 5 

255 5 


2 A 

149 5 

84 5 ' 

151 5 

179 5 


X Afi 

146 0 

294 0 : 

274 5 

265 5 

247 5 

4. 

96 0 

33 5 j 

68 0 ! 

S9 5 I 

151 0 

S A, 

41 0 

29 0 ! 

60 0 

77 5 I 

120 S 

6. I'l X 10* 

0 34 

0 26 ' 


0 33 i 

0 45 

7 V X 10* 

10 46 1 

8 49 ! 

■19 

9 43 i 

9 89, 

8 r, X 10* 

2 35 

1 10 : 

■gi 

2 37 

3 86 

9 r, X 10* 

13 02 

12 36 1 

1 


12 94 

13 47 

10. Ovalhumia takes ptr cai 

0 58 

1 15 i 

1 IS i 

I IS 

111 

11 Ovaibnmm computed, eqiatioa 1 1 

0 60 

1 13 j 

1 13 

1 17 


12. Nockic odd taken per umi I 

0 67 

0 25 1 

0 52 ! 

0 67 

■19 

13 Nuckdc add computed equation 2' j 

0 63 

0 26 j 

0 51 j 

0 66 

1 11 


spoadmg values for nucleic acid The average diflferencc between the observed 
and computed values is 2 4 per cent for the ovalbumm and 3^ per cent for the 
nucleic aad It is of mterest that if mteracUon were neglected and the area 
A* mterpreted as due entirely to ovalbumm the average difference between the 
observed and computed values of pt would be 6 9 per cent whereas if the area 
A, were Interpreted as due entirely to nucleic aad the average difference be 
tween the observed and computed values of »i would be 45 per cent. 

The frUer<jciion betoan Ottaf6Hinm and Ycoit Nucleic Acid 

In considering the probable nature of the mteracUon between ovalbumm and 
nucleic aad it will be assumed that thty combine reversibly to form a complex 
PN,) 

h 

P-^,N;=tPN (4) 
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in which the velocity constant for the forward reaction is ki and for the reverse 
reaction kz, and the ecjuihbnum constant is ^ — The available evidence 

ki 

indicates that the complex has a mobihty, Uxy intermediate between iip and 
Un For the purpose of this discussion no res riction is placed on v It 
doubtless varies with both pH and ionic strength and may vary, as m the 
precipitm reaction,^ with the concentrations of P and N In the electro- 
phoresis of such a mixture the equdibrium shown m equation 4 is not disturbed 
m the body of the solution by the migration of the constituents P, N, and X 
At the boundaries, however, the tendency of the components to separate, 
due to their mobihty differences, is accompamed by a disturbance of the 
equdibrium The extent to which the equdibrium wdl shift to compensate 
for the altered conditions produced by electrophoretic separation depends upon 
the magnitudes of the velocity constants m comparison with the rate of separa- 
tion The foUowmg cases may be distmguished 

1 If is small and ^2 large, K wdl also be large Under these conditions 
the complex is essentially completely dissociated and the mixture wdl behave 
as a normal mixture of P and N 

2 If IS large and small then K wdl be small This system behaves like 
a mixture of the complex and either or N, dependmg upon which is m 
excess If neither is m excess a smgle boundary, due to X alone, will be present 
in each side of the channel 

3 Jiki and ki are both small and of smular magnitudes then K wdl be near 
umty In this case fimte concentrations of P, iV, and X wdi exist at equihb- 
rium The mixture will behave hke a normal mixture of the three components 
smce the adjustment of the equdibrium is slow in comparison with the rate of 
electrophoretic separation 

4 If the rate of adjustment of the equdibrium is comparable with the rate of 

See, for instance, Kendall, F E , daw N Y Acad 5c , m press 

^ From the description by Stenhagen and Teorell (Stenhagen, E , and Teorell, T , 
Tr Faraday Soc , 1939, 35, 743) of their electrophoresis experiments on mixtures of 
serum albumin and thymus nucleic acid it appears possible that this system corre- 
sponds to case 2 Thus only two boundaries were present in each side of the channel 
and the patterns appeared to be symmetncal Their analyses showed both nucleic 
acid and protem to be present m the region between the two boundaries on the anode 
side but essentially pure protem m the corresponding region on the cathode side, thus 
mdicating protein to be present m excess 

Seibert (Seibert, F B , / Biol Chein , 1940, 133, 593) has observed somewhat 
similar phenomena in her electrophoretic studies of the naturally occumng mixture 
of protem and nucleic acid from the tubercle bacillus It is of considerable mterest 
that her separation of these components, by salt precipitation, v.as much more 
effective at alkalme reactions, where both components are negatively charged, than 
at acid reactions 
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electrophoretic separation, the behavior ^rfll be difficult to predict although 
one Nvould expect the pattern to depend upon the rale of separation of the 
constituenta 

5 If ki and fci are both large and of the same order of magnitude the equilib- 
rium IS adjusted as rapidly as required by the electrophoretic separation of the 
components Consequently only two boundaries, aside from the B and t 
effects appear m each side of the channel but the patterns are quite different 
from those of a normal mixture of two components,^* The patterns shown m 
Fig 2 and those for which data ore given m Table I appear to be compatible 
with the conditions postulated m this last case It is of mtercst to visualize 
how these patterns may arise 

The initial conditions in the electrophoresis cell may be represented by Fig 3 
m which the concentrations of combmed, free, and total protem m the murturc 
are p p/ and pt respectively and the corresponding concentrations of nucleic 
aad are « , «/, and The conditions m the cell after electrophoresis are 
mdicated diagrammatically m Fig 4 m which, as has been staled, pure iV is 
present at a concentration u m the region between the two leading boundaries 
on the anode side and pure P at a concentration p m the region betw'ecn the 
two boundaries on the cathode side The sequence of e\ ents leading from the 
mitial to the final state is as follows 

In the anode side of the channel the free iV m the mixture escapes and moves 
upward with its normal mobility to a position 7 The complex V also moves 
upward through the plane a but m so doing tends to leave the sbwer moving 
P behind Consequently a portion of the complex Y dissociates m order to 
raamtam the equilibrium mdicated m equation 4 The iV resulting from the 
dissociation moves ahead and fills the volume between the bouminnes /3 and 7 
The resulting concentration n , of the separated nucleic aad u thus the sura 
of the concentration, p/i/ due to the free aad m the body of the mixture and 
that ansmg from the decomposition of the complex The factor p, it will be 
recalled corrects for the dilution m the 3 boundary The protein P resulting 
from the partial dissociation of the complex accumulates in the volume Vf 

** It may be noted that m all of the cases considacd here, with the poasihlc creep- 
tion of the fourth case a quabUtive symmetry is rclamcd by the patterns insofar os 
the same number of boundancs, exclusive of the 6 and i effects is present m both 
channds In some mixtures, however, even this type of sjmmctry u not observed. 
Thus Chargaff Ziff and Mooro (Chargaff E Ziff hi and Moore D H / Btoi 
Cheat l‘>4l 1S9, 383) m their electrophoretic studies of scrum albumin heparm 
matures frequently observed three boundancs lu one channel and two m the other 
\Yc have made similar obsirvalions with matures of ovomucoid and nucleic aacL 
Asymmetries of this type have not been <atisfactonly explained but are possibly 
a reflection of the known complexity of whole scrum albumin (McMetkln T L 
/ Am Ckem Soc 1940, 62, 3393) on the one hand and ovomucoid on the other 
{cj footnote 2) 
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dt the concentration ppf Due to the dissociation occurring in the boundary 
at /3, the displacement, V of this boundary is proportional to neither nor 
Up but has an mtermediate value 

In the cathode side of the channel the nucleic acid, iV, instead of escaping 
from the mixture, migrates into it The complex thus tends to find itself m a 
region devoid of N and dissociates in the boundary at c, maintaining the 
equilibrium The displacement, Vc, of this boundary is agam proportional to 
neither Uff nor but to an mtermediate value Pure P is left behind in the 
region between b and c at a concentration which is greater than p/ but less 
than pt This material migrates with the normal mobdity of P and hence the 
displacement F* is proportional to iip 

Much effort has been expended m an attempt to compute the mass action 
constant, K, of equation 4 For this computation from the electrophoretic 
data it IS necessary to find a value of «i , i e , the mobility of the complex 
However, as indicated above, the motion of the boundaries involved also in- 
cludes an effect due to the decomposition of this complex, making direct de- 
termmation of this quantity impossible 

SUMMARY 

Electrophoretic patterns of mixtures of ovalbumin and yeast nucleic acid 
indicate that the constituents migrate mdependently of each other in buffer 
solutions of 0 1 ionic strength and at pH values somewhat higher than the iso- 
electric pomt of the protem In the isoelectric region, however, the patterns 
from the two sides of the channel exhibit asymmetries that can be explained by 
assummg the existence in the mixture of appreciable concentrations of a 
reversibly dissociable complex between the components Formation of this 
complex IS favored by increasmg concentrations of the components and de- 
creasmg ionic strength At pH values below the isoelectric point partial 
precipitation of the complex occurs 

The patterns obtained from each side of the channel in the electrophoresis 
of a mixture of two components, which form a dissociable complex, indicate 
only two boundaries, aside from the B and e effects One of these is a normal 
boundary whose displacement is proportional to the mobility of a component 
that has separated from the mixture In the other boundary, however, dis- 
sociation of the complex occurs and consequently the displacement of this 
boundary corresponds to the mobility of neither component nor to that of the 
complex Moreover, the areas under the refractive index gradient curves 
are not proportional to the stoichiometric concentrations of the components 
However, equations are developed with the aid of which an electrophoretic 
analysis of the mixture is possible This analysis requires the use of data 
from the patterns of both channels 



A CYCLOSCOPIC STUDY OF THE limiAN 
ELECTROENCEPHALOGRAM* 

By ROBERT COHN 

(From ike Lahcratoricj oj SI EluMibctlu Uospiial WaskiUglon D C) 
(Received for publication, November 21 1941) 

The object of this report la to introduce the successful application of a rcla 
lively new and rapid wave analyzing instrument to the study of the potential 
variations denved from the human bmin This instrument a called a cyclo- 
uope It was indented by Dr A E Douglass (1), Director Emeritus of the 
Steward Astronomical Observatory and Director of the Tree Ring Laboratory 
of the University of Arizona 

The cycloscope bos proved to be a powerful instrument in the study of events 
occurrmg m impermanent cycles, that is m short sequence, quasi periodic 
phenomena It has given nse to important results m the field of meteorology, 
m the terresUal correlates of sunspot cycles, and allied fields 

The human electroencephalogram shows a chanicleristJcaUy quasi penodic 
behavior This property of the electroencephalogram is manifested by tiuctua 
tions around a fairly constant mean value, In the lime elapsed (wave length) 
between successive maxima or minima of the potential vanalions 

Together with the foregomg characlcnslic the wave piitems observed m the 
electroencephalogram often show the presence of random frequencies and vol 
leys of vanable sequence cyclic activity 

Since the cycloscope was mvented pnmarily for the study of just such wave 
phenomena os exhibited by the electroencephalogram it was decided to mvesti 
gate (1) the degree of permanency of the basic electroencephalogram pattern 
in vanous individuals (2) the presence of cycles other than those which can be 
rccognizeil by unaided visual means 

Throughout this discussion a cycle will indicate a significant sequence of 
waves that lend to fluctuate m length about a mean value, seldom varying 
from it by more than one or two tenths 

Melbod and Descrtplion of Apparatiu 

The cydoscope operates on optico mechanical pnncipld The essential compo- 
nents of the apparatus arc illustrated In Fig 1 

• Tho work is in part aided bv the Supreme Giuncil 33 Scottish Rile ilasons of 
the Northern Junsdlcllon USA 

St7 
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The waves to be analyzed are transferred bv pantograph, or other suitable instru- 
ment, to a strip of heavy opaque paper A base-line, known as a cutting line, is 
then drawn through these transferred waves The cutting line is made approximately 
at the height of the mean minimum, and wherever possible this line is kept parallel 
to the honzontal axis The maxima isolated by the base-line are cut-out and the 
resultant perforated stnp is called a cycleplot 
The light transmitted through the wave maxima (cut-outs) is obtained from a 
bank of ordinary incandescent lamps behind a diffusing ground glass screen The 


•WAVES TO BE ANALYZED 
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Fig 1 Schema of cycloscope Modified from Fig 22 a in Douglass’ article (1) 



Fig 2 Plate 24 in Douglass’ article (1) 


light rays passing through the cut-out maxima are made to fall on a mirror (2/) 
placed in the optical axis at an angle of 45° This diverts the ray normal to its 
original path, the diverted rav impinges on a second 45° mirror set in the axis of this 
light path, and thence back through the analyzing elements 

The analyzing elements consist essentially of a cylindrical lens with vertical axis 
and a grating, or analyzing plate The cvlindrical lens elongates the light ray bundles 
transmitted through the openings in the cvcleplot From the inherent character of 
the vertical cvlindncal lens the time axis (honzontal) is reduced m scale but is not 
distorted The elongated images of the maxima are made to fall on the grating 
(constant 0 02 inch) which is mounted at an angle approximately 17° to the vertical 
The grating thus segments the image formed b> the optical system The presence 
and dominance of c> cle lengths is manifested by both the character of the alignment 
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and the intcnsit> of the light segments, different c>cie lengths show at any given 
setting of the mirrors different angular alignments with respect to the honaontal ana. 

The scale of cycle lengths is calibrated m such a way that one may read the c> dc 
length directly when there is a honxontal alignment of light segments and the original 
plot IS on a standard honiontal scale. 

In actual operation the angularly arrayed light segments are rotated mto the hon 
zontal by mcreasing or dccrcasmg the object minor distance. The cyde length as 
read directly from the scale may be corrected by a proper factor if the scale of the 
(:> depict 13 not standard. 

Fig 2 is an excellent illustration of what one sees when looking through the eyepiece 
of the c> doscopc. (The illustration represents a cyclogram of the hght curve of the 
variable star SS C> gm ) 


RESULTS 

By means of the cydoscope excerpts from 18 eleclroencephalograpluc 
records were analyzed at Tucson by Edmund Schulman of the University of 
Arizona Cydeplots were prepared under his direction by the author and 
differentiated only b> number, so that the tyde analysis was as objectiNe as 
possible The list of cydes thus obtained formed the basis for the foUowmg 
study 

The analytic study was made on records obtamed from the following clinical 
groups normal (5) dementia praecox (6) epDeptic (5) and “organic ’ brain 
(2) In this discussion only the nudline frontoocapital denvationa 
^v^ll be considered. 

Fig 3 shows the cydoscopically detemuned distribution of cydes (or fre 
quenaes) present m two records, together with the waves actually analyzed 
The wves shown were photographed from a cathode ray oscilloscope by means 
of a contmuously moving camera of our own construction and design The 
thermionic amplifier used was constructed m our own laboratory The fre- 
quency response of this amplifier and recording system is flat from 2 to 200 
cydes per second 

In this diagram the cycle strength, which is a function of the alignment and 
intensity of the light dots is plotted against frequency m cyda per second 
The fractional values of the frequenaes are disregarded in this prelimmary 
report 

In part A of Fig 3 one sees the distribution of the vanous frequencies ob- 
lamed from a presumably normal subject It is evident that this mdividual 
shows a dominant rhythmic alpha pattern m the range of S to 10 waves per 
second Furthermore it is observed that contrary to the impression given by 
the accompanying record there are at least four definite different cycles present 

Part B of Fig 3 shows the frequency distribution m a subject with the dinical 
diagnosis of dementia praccox. It is dearly seen that there tends to be a 
spread of cyde lengths as compared to that of the ‘normal “ 
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The distincUon betneen normals and dementia praecox as brought out by 
this cycle analyse e not as definite and clear cut as uould appear from these 
tuo examples In the entire group of records analyred there e an imlejimie 
boundary between normals and schixopbrenics 
Fig 4A represents tbe cydoscopic analysis of a record taken during a petit 
mal epileptic attacL There is seen to be a definite shift of the cycle distnbu 
tion to a lower frequency range The eleclroencephalographic recordings of 
Fig 4 are made with an A M Grass ink tvntuig instrument 
Fig 4B gives the analysis of a record from an uidividual with atypical epi 
leptiform attacks. One observes that bttle or no dominant frecpiency is 
found by the analytic method employed 






CTU.tl / 

H «cc— / n trt* 


The frequency distribution m this last cose la especially mterestmg m that 
we observed it m two other cases of atypical epilepsy 

The records associated ivith organic brain disease showed the closest 
frequency distribution of the entire senes An 8 per second w’ave pattern 
completely dominated the tracings Other cycles m these two records were 
negbgiblc 

The cydoscope not only is capable of dcteimining the basic frequencies and 
cycles present in a given sample of record but it can quantitatively describe 
other important properties of the wave pattern such as the phase relationships 
of the successive ivaves comprising the sequence and the mean amplitude of 
the \YRve sequences 

Phase changes in some of the records analyzed have been observed The 
physiologic concomitants of this phenomenon or its importance must await 
further studj 
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CONCLUSIONS 

Cycloscopic analyses of a senes of electroencephalograms obtained from a 
mL\ed group of individuals, clinically classified as normal, schizophrenic, and 
“frank” epdeptic, show the following characteristics 

1 A rather closely regulated potential oscillation which remams predomi- 
nant throughout the sample of record under study 

2 Associated with this dominant cycle other definite anharmonic cycles are 
clearly evident These associated cycles may operate m mtermittent se- 
quences or simultaneously with the dominant cycle 

Subjects with “atjqncal” epilepsy show an apparently characteristic spread 
of low mtensity cycles 

REFERENCE 

1 Douglass, A E , 1936, Climatic cycles and tree growth, Carnegie Inshlulion of 
Washington, Pub No 2S9, 3 



QUANTITATIVE CHEMICAL STUDIES ON HEMOLYSINS 
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UmversUy, and the PrubyUruin Bosptlai, New York) 

(Received for pubbcation December 2, 1941) 

Hemolysin m antisera is customarily estimated by “titer^’ and this measure- 
ment bas served its purpose m the evaluation of antisera and m the determina- 
tion of the relative degree of sensitixation of erythrocytes However, knowl 
edge of the mode of action of hemolysins on red cells and of the quantitative 
relations of hemolysins to erythrocytes and complement has been difficult of 
access not only because of the compheated and sensitive nature of the reactions 
and their components, but also because methods of assay yielding end 
‘titers ’ arc, taken alone, without significance as to the actual weights of the 
reactants Moreover, these methods do not even give relative values when 
different substances or hmctiona arc measured by end “titers,” since the actual 
quantity of one substance required to produce its characteristic effect may 
greatly exceed that of another substance producing the some or a different 
effect. End ‘titers” are often, therefore, m opposite ratio to the actual quan 
titles mvolved Examples arc the low “titers” of antipneumococcus sera of 
high antibody content as contrasted with the high “titers" of zaitiSalnwneUa 
sera of low antibody content, and the lower “titer^' but apparently higher 
content of first component m complement as compared with the higher “titer*' 
but lower content of second and fourth components (1, 2) “Titers," then, 
depend upon the relative proportions m which the components of a given 
system mteract, as well os upon the absolute quantities present, and are only 
interprctablc, on passmg from one reacting system to another when reacting 
proportions as well as quantities ore known To return to the hemolytic sys- 
tem, smee only “titers” of the components could bo estimated m an effort to 
determine the very quantities which would necessarily have to be known before 
“titers" could be mterpreted, lack of theoretical progress m this field is readily 
understandable 

The present commumcation deals with an attempt at the estimation of 
hemolysm in absolute, or weight umts Data of this kind would not only be 
useful m studymg the quantitative relations between hemolysin, the ted cell, 

• The work reported in this communication was earned out under the Haikness 
Resea r ch Fund of the Presbytenan HospiUh 
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and complement, but would also supply a factor by which hemolysm "titers” 
could be converted mto weight umts While this objective has not yet been 
attamed, it has been possible to estimate total antibody m hemolytic antisera 
with a fair degree of accuracy and to use this value as a first approumation 
in the study of the relations sought (3) 

The amount of mtrogen m the hemolytic umt has been estunated by Locke, 
Mam, and Hu-sch (4), by Brumus (5), and by Chow and Zia (6) The reasons 
for the large discrepancies in the estimates reached m the first two mvestiga- 
tions are again {cf 3) discussed below, together with an evaluation of the 
method used by Chow and Zia 

EXPERIMENTAL 
Materials and Methods 

Sheep Cell Stromata — Lot 1 Three hters of sheep blood were defibnnated with 
glass beads immediately after bleeding, filtered through cloth, diluted with 4 volumes 
of sahne, and centnfuged at room temperature in a Sharpies centrifuge The deposit 
of red cells was laked with 20 volumes of distilled water and centnfuged as before 
The stromata were washed twice with water and twice with 0 9 per cent sahne at 
room temperature, follow ed by two more washings with sahne at 0°C ^ The pale 
brown stromata were resuspended m sahne contaimng 1 10,000 merthiolate ^ The 
suspension was kept m the ice box and portions were washed at 0° before use 
Lots 2 and 3 were prepared similarly except that all operations, including the 
rather tedious process of centnfugation,^ were earned out in the cold 

A portion of Lot 2 was heated at 56°C for 40 mmutes (7) (heated suspension) 
Antisera — Rabbits were injected intravenously with stromata suspensions (Lots 1 
and 2) containing 0 5 mg N per ml The first course consisted of 13 injections 
averaging 0 75 ml The second and third courses consisted of 10 and 12 injections 
respectively, of an average of I 5 ml of suspension The fourth course compnsed 
10 injections and the fifth 11 mjections of an average of 1 5 ml of suspension (rabbits 
7 62, 7 66) Rabbit 7 60 received only the first, third, and fifth courses Rabbit 7 83 
was injected subcutaneously instead of mtravenously, receiving one course of 7 m- 
jections of 0 S ml followed by a month’s rest, and a second course of 3 injections 
of OSral, 2 of 1ml, 2 of 15ml, and 4 of 2 ml of suspension A number of com- 
meraal antisera to sheep red cells were also used ® 

Analytical Methods — AH antisera were mactivated at 56°C for 50 mmutes (ther- 
mometer m serum) (2), neutralized to pH 6 7-7 0 (glass electrode), and centnfuged 
m the cold shortl> before use Dupheate 1 0 ml portions of undiluted antiserum, 

2 0 ml of salme, and 1 0 ml of the stromata suspension were mixed at 0°C Duplicate 
blanks were also run on 1 0 ml of serum alone and with 1 0 mk of stromata and 

3 0 ml sahne alone The tubes were allowed to stand m the ice box for 48 hours, 
with occasional mrang of the contents The stromata usually showed pronounced 
agglutination m the presence of antiserum 

iJn a refngerated centrifuge manufactured by the International Eqmpment 
Company, Boston 

2 Manufactured by Eh Lilly and Company, Indianapolis 

3 Kmdly supphed by E R Sqmbb and Sons, Inc., and by the Lederle Laboratones 
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The determination of the antibody N preapitated was similar to that of the quanti 
tative agglutinm procedure (8-10) The tubes were centrifuged m the cold and the 
preapitates washed three times with 0 9 per cent sahne at 0® The supernatants of 
duplicate determinations were combined and recentnfuged, and any deposits left 
were washed with the sahne washings poured from the main tubes and finally re- 
combined with the mam preapitates. The InlUal supernatants after the recentnf uga 
Uon were agam set up with 1 0 mb of stromata suspension and new blanks The 
preapitates and the recentnfnged supernatants and saline washings from all stromata 
HnnW were analyzed separatdy The solutions always contained a small amount 
of N (about 0 04 mg ) due to soluble material remaining In the stromata m spite of 
the repeated prehminaiy washings. 

Antibody N m the tubes containing serum and stromata was taken as the difference 
between the total N precipitated and the stromata N deposited in the stromata blank 
tube* after three washings and centrifugations. The antibody values obtained are 
probably shghtly too high because of the antigen which dissolved- Correction would 
be difficu l t since it is not certam how much of the dissolved N represented mert 
material or whether the same amount of N was washed out of the stromata which 
had combined with antibody 

Hemolysin Tilers — The hemolytic titers were determined from the dllubon at 
whidi the sera would ]ust suffiaently sensitise an equal volume of a 5 per cent sus'* 
pension of washed sheep red cells to give complete hemolysis m 20 minutes at 37®C, 
in the presence of 1 units of complement. 

Data obtained as above on a dilution of serum 7 66ft are given m Table I, 
Antibody N data for a number of sera ore correlated with hemolytic titers m 
Table n 

of Expcrtm^rtUil Ccmdttums <m Aniidody PrcaptUitton — {a) ffydrugen 
Ion Conceniraiion A dilubou of serum 7 66 with a hemolysin titer of 1200 waa 
absorbed with stromata after adjustment of one portion to pH 6 0 nnd another 
to pH 8 0 (glass electrode) The pH was redetennmed after each absorption 
and alight readjustments to the original values were necessary for the first two 
The total amoimts of antibody N removed m three absorptions at low pH were 
0.26, 0 01, and 0 02 mg N, with a total of 0.29 mg N, and m the more alkaline 
senes, 0.25, 0 03, and 0 02 mg N, with a total of 0-30 mg N per mh The 
fourth absorptions were negative m both cases Hemolytic btera m both 
senes were reduced to less than 6 umts per ml There were thus no differences 
m behavior in the absorptions at these two hydrogen ion concentrations and 
the precaubon of neutraluabon, taken In most of these studies, would there^ 
fore seem imncceasary 

(6) Effect of Temperature If) ml of undiluted rabbit scrum 40H301 and 1 0 
ml of a 1 1 diluted donkey antisenim 186H102 to sheep red were each 
absorbed with stromata in parallel senes at 0® and 37®C The data are given 
m Table HI. It will be noted that almost as much antibody N was removed 
at 37® as at 0®C 

(c) Effect of Heat on Antigen Suspension, Absorphons were ^th 

heated and unheated suspensions of stromata First bleedings from rabbits 
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Camhmng ProporHons of Stromata and Antibody — ^The existence of more 
than one combnung ratio between stromata and antibody is mdicated Por 
example, 1 0 ml portions of a 1 15 dilution of serum 7 664 were set up in 
duphcate with 1 0, 1 5, and 2 5 ml of stromata suspension m a total volume 
of 8 0 ml 


1 

Stromata N added 

Ist absorption 

2nd absorption* 

Total antibody N 
prcapitatS 

Antibody N preapitated 

Antibody N precipitated 

ms 


ms 

ms 

0 476 

0 23 

0 04 

0 27 

0 714 

0 24 

0 03 

0 27 

1 188 

0 29 

0 01 

0 30 


* On pooled supernatants Antibody N given is one-half of that found on addition of 
0 476 mg of stromata N m each case 


The smallest amotmt of antigen used removed practically as much antibody 
N as did a quantity 50 per cent larger, although neither completely exhausted 
the serum Other particulate antigens, such as specific precipitates (10), 
show a similar behavior m their homologous antisera, the slope of the line 
representmg antibody N/antigen, plotted against antigen N added, is usually 
much less than with soluble antigens 

Removal of Complement by Stromata^ Antibody Precipitation — ^In (3) it was 
mentioned that the combnung component(s) of complement was taken up 
m the reaction of sheep cell stromata with hemolysm The data upon which 
thi^ statement was based are given m the protocol The tubes were allowed 
to stand 2 hours at room temperature, after which they were centrifuged and 
washed three tunes with 2 5 ml sahne m the cold {cf 2) 


No of tubes 2 


Gumea pig serum, C', ml 
Inactivated* gumea pig serum, iC', ml 
Rabbit hemolysm, ml 
Sheep cell stromata, ml 
Sahne, vil 

Total N preapitated, mg 


Mean, mg 

Stromata N to be subtracted (column 3), mg 
Hemolysm N precipitated, mg 
iC' to be subtracted, mg 
C' N preapitated, mg 


3 0 
1 0 

4 
0 


2 

3 

3 

3 

3 0 


3 0 

3 0 



1 0 

1 0 

1 0 


1 0 

1 0 

4 

6 

3 

3 

'0 410 


(0 524 

[0 602 


(0 508 

]0 520 

]0 606 

0 382 


[0 504 

(0 610 

0 396 

0 509 

0 516 

0 606 


0 396 




0 11 


0 516 




0 09 


Hemolytic umts of taken 285 
“ “ “ “ remairung <1 

* At 56°C for 50 minutes The symbols used are eiplamed in (2) 
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The quantity ot C' N lemoved a of the wane order aa that taken out by 
other specific preapitates (2) An estimation with S HI rabbit anti S HI at 
the same time gave 0 07 mg of C' N 

discussion 

Attempts have previously been made, by purification and isolation of the 
antibody, to define a wei^ unit for htmolysim Locke, Mam, and Hirsch 
(4) purified rabbit anti-sheep cell hemolysin and found 0 007 7 of nitrogen per 
hemolytic umt m their best preparation Bniniua (5), on the other hand, using 
the 'ForMman anbgen lor selective eitiatUon of the hemolysm, found only 
0 0002 7 of N in a hemolytic umU In both laboratories the prepara 

tiona isolated usually contained ten times as much N per unit As already 
pomted out (3) Bninius^ value probabty reprtsents the actual hemolytic anti 
body umt more closely than Locke, Mam, and Husch^s figure, or that now 
reported, 0113 7 of N * The latter, however, have the advantage of givmg an 
insist mto the actual weight of antibody deposited on the red cell from rabbit 
antisera 

These isolation techniques (4, 5) ate naturally too labonoua for analytical 
purposes A method for the estimatiOQ of hemolym in wei^t umts has re- 
cently been described by Chow and Zia ( 6 ), who agglutinated sheep red cells 
with a measured volume of hemolysm, washed the deposit, and subsequently 
removed the hemoglobin by laking The amounts of antibody found greatly 
exceeded those mduated m the present study, possibly because hemogbbm 
and other soluble products m the blanks without antiserum would be more 
carity washed out than from cells on which antibody had been deposited, 

T^ method now proposed 13 a modification of the quantitative ag^utination 
procedure (8-10) and depends upon the addition of antibody to sheep cell 
stromata from which as much as possible of the soluble components has been 
removed. Companson of hemolytic titeiB of antisera before and after suc- 
cessive absorptions with stromata (Table II) shows that hemolysms are re- 
moved, as had been found by previous workers. Reproducible results are 
readily obtained so that the method may serve, as a first appromnatjon, for 
the estunaUon of hemolysin m weight umts 
However, two factors combine to lumt the utility of the method for its 
original object One, of relatively rmnor consequence, tends to the 
results somewhat too high. In spite of the pains taken to wash the stromata 
used small quantities of soluble material (about 0D4 mg of N) were mvanably 
found in the washings from the blank tubes At least a portion of th» materii 
gave predpitin reactions in the antisera, but since It is uncertain whether or not 
similar amounts were washed out of the stromata antiserum reaidues no cor 
rection has been made for this effect It is therefore possible that the antibody 
N values foimd are too high by all or a portion of the N washed out of the con 

■* Calculated from the figures in Table H for 0 1 mL of hemolysin (Elution 
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txols Stromata heated after the washmg process accordmg to Landstemer 
and van der Scheer s method for red cells (7) are more easily centnfuged and 
appear to be shghtly less soluble, but they cannot be used convemently for the 
quantitative absorption of antibody as their antibody-bmdmg capacity is too 
low (Table IV) 

The second limitmg factor is that the method, strictly speakmg, is one for 
the estimation, not of hemolysm, but of total antibody m the hemolytic anti- 
sera Sheep red cells and even washed sheep cell stromata are complex col- 
lections of antigens and only one or a limited number of these, presumably 
gives rise to true hemolysms The remaimng antibodies stimulated by m- 
jection of cells or stromata mto rabbits add to the stromata suspension when 
this IS mixed with antiserum, or to red cells, but probably take httle part in 
hemol3isis This is probably the chief reason for the discrepancy m the values 
given (4, 5) for the quantity of N m the hemolytic unit Accordmg to these 
values (p 529) the antibody N figures may exceed true hemolysm N by a fac- 
tor of 10 to 100, although these values are not to be taken too literally on ac- 
count of the different umts and end pomts compared In spite of this, there 
dpes appear to be a fair proportionality between total antibody N content and 
hemolysm titer m rabbit anti-sheep hemolysm, as already noted by Chow and 
Zia (6) although on a different numencal basis If one excludes the pony and 
donkey sera because of species differences, the serum of the subcutaneously 
mjected rabbit and one other commercial rabbit serum, Lj, that was entirely 
out of Ime, ten anti-sheep ceU and anti-stromata rabbit sera showed a titer 
antibody N ratio of 3500 ± 600 In other words, an antiserum which, at a 
dilution of 1 3500, just completely hemolyzes an equal volume of 5 per cent 
sheep red ceU suspension m the presence of 2 units of complement, should 
contam, within about 20 per cent, 1 mg of antibody N per nal None of the 
sera exammed contamed as much antibody N as this m a smgle m i lti h ter On 
this basis It might be more reasonable, both from the standpomt of purveyor 
and purchaser, to seU and buy hemolytic antisera by the rmUigram of total 
antibody mtrogen, rather than on the basis of umts which might vary consider- 
ably from laboratory to laboratory and which provide no inklmg of the actual 
antibody content 

If data obtamed accordmg to the new method are to be used m a consideration 
of the relation between hemolysin, red ceUs, and complement m the process of 
hemolysis, it must be remembered that the antibody N values are maximal 
and can only be used as hemolysm N as a first approxunation, subject to cor- 
rection by a factor stiU to be detenmned This was emphasized m attempts to 
trace this relatu nship m (3) As there pomted out, the total antibody N 
value IS of use * understandmg of the hemolytic process as actually carried 
out, for aU of the 'body combmes with the red ceUs present and also plays a 
major part m the -ation of complement, as shown m protocol 2 on p 528 
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Efforts are now bemg made to estimate accurately tlie actual amounts of 
hcmolysm present m these antisera. 

StmUAAY 

1 Total antibody m hemolyams may be estimated from the mtrogen added 
to sheep stromata suspensions 

2 The method is applied to a number of hemolysins and a correlation, vahd 
to within 20 per cent, established between hemolytic titer and total antibody 

3 When stromata combine with antibody m the presence of guinea pig 
complement they may take up at least 80 per cent of their weight of comple- 
ment combming component(8) 
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THE MECHANISMS OF X RAY EFFECTS ON CELLS* 

By KARL SAX 

(From the Arnold Arbcretuatt Hanard UntversUy, Camhrtdie) 

(Received for publication, November 14, 1941) 

Injury or death of cells subjected to x rays has been attributed to various 
physiological effects such as changes in metabohe rate, altcnitiona in cyto- 
plasmic viscosity and permeability, or the effect on enemies (1) Scott con 
eludes that these physiological effects of x rays ore of secondary importance 
amcc very hi gh doses are required to produce significant effects. The "pn 
nmry” effect of radiation on dividing somatic cells does appear to be caused by 
physiological changes, but this effect is temporary (2) Irradiation of mebtic 
cells of Orthoptera appears to produce no direct effect on the chromosomes and 
fragmentation docs not occur until the nuclear membrane is broLen down 
This action is attributed to chemical changes induced in the cytoplasm (3) 
The production of chromosomal aberrations by x rays may be delayed for an 
hour in TradescanUa (4) or for several weeks foUowmg irradiation of DrozphtUt 
sperm (5) This delayed action has led to the suggestion that these x ray 
effects are indirect (6) 

Most of the recent work on i ray effects supports the hypothesis of “direct 
hit” action Henshaw (7) has shown that the lethal action of x rays is pro- 
duced by the direct effect on the cell nucleus In both Traducantia (4) and 
DrosopItUa (5) the dosage curves for chromosomal abeiratious support the 
“direct hit” mechanism of x ray action This theory also is supported by 
time-in tensity experiments (8) and by the differential action of x rays and 
neutrons (9, 10) These expenments are limited to x my effects on amgle 
cells. 

The relative rftle of indirect physiological effects and of the “direct hit” 
mechanisms of x ray action can be aiial>'sed by determining the effect of 
irradiation on subsequent sensitivity If x rays produce chemical changes 
which piersist for a relatively long time, or imtiate chromosome alterations 
which are effective m produemg aberrations only at later stages m the nuclear 
cycle, then the effects of subsequent irradiation should be influenced by the 
previous irradiation 

The speofiaty of the types of chromosomal abermtions In Tradescaniui 
miCTQspores provides an opportunity for further analysis of i ray effects on 

* This work -was supported, m part, by a grant from the International Cspcer 
Research Foundation. 


533 



534 


MECHANISMS OP X-RAY EPPECTS ON CELLS 


subsequent sensitivity The duration of the nuclear cycle for tetrad fonnahon 
to metaphase in the microspore is about 1 week The chromosomes are in the 
restmg stage for 5 or 6 days after meiosis and during this time x-rays produce 
alterations mvolving entire chromosomes Cells rayed at prophase produce 
chromatid aberrations m which each sister chromatid behaves as an mdepend- 
ent umt The chromosome and chromatid aberrations can be diff erentiated 
readdy (8) 

Two series of Tradescanha buds were irradiated Series 1 was rayed during 
the resting stage and agam at prophase 2 days later The x-ray doses were 
300 r and 150 r respectively Series 2 was rayed only at prophase simultane- 
ously with senes 1 which received 150 r The experiment was repeated several 
weeks later usmg doses of 200 r and 100 r respectively The cells were fixed 
24 hours after the prophase irradiation Those rayed both at the restmg stage 
and at prophase showed both chromosome and chromatid aberrations, while 

TABLE I 

Effect of Irradtaiwn on Subsequent X-Ray Senstimty of Tradescantta Mtcrospores 
Senes 1 Rayed at resting stage and agam at prophase Fued 24 bis after second 
raying 


Senes 2 Rayed only at prophase 

Fixed 24 hrs after raying 


Senes 1 

Series 2 

1 

Total chromosomes 

Chromosome breaks 

Chromatid breaks 

2556 

154 

156 = 61 per cent 

4052 

0 

287 = 7 1 per cent 


those rayed only at prophase had only chromatid aberrations at metaphase 
The results of the tn'o experiments were similar and the combined data are 
shown m Table I 

It IS evident that previous irradiation did not mcrease prophase sensitivity 
as measured by the frequency of chromatid breaks The percentage of chro- 
matid breaks was somewhat less m the series previously rayed m the restmg 
stage as compared with the aberrations produced by raying only at prophase, 
although the difference is of doubtful statistical significance 

These results are m accord with the fractional dosage experiments where the 
maximum rest periods were 4 hours (8) Evidently there is no physiological 
effect of x-rays which will increase the subsequent sensitivity of the micro- 
spores after a penod of several hours or several days 

The slight decrease m aberration frequency of the successively rayed micro- 
spores suggested further analysis of chromatid aberrations produced m pre- 
viously irradiated cells Previous mvestigations have shown that breaks m 
the chromosomes are not at random for all loci, but are more numerous m the 
proximal end of the chromosome arms (11) This localization was attributed 
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to the rfile of the centromere In controlling mechanical stresses m the coiled 
chromonemata If the frequency of lUegitunatc unions of broken ends of 
chromosomes is m some degree controlled by the centromere, their acentnc 
chromosome fragments should be relatively resistant to i ray effects This 
assumption was tested by another senes of successive exposures 

Tradcscaniia microspores were irradiated during the resting stage and 3 days 
later at prophase The doses were 300 r and 150 r respectively The cells 
were fixed 24 hours after the second exposure A total of 11,502 chromosomes 
was exammed Among these were 681 dicentnc and nng chromosomes resuit- 
mg from irradiation at the resting stage. Each of these dicentnc and nng 
chromosomes was accompanied by on acentnc fragment The average length 
of the acentnc fragments was somewhat more than a normal chromosome arm 
effective breaks are more frequent m the proximal ends of chromosome 
But, to be conservative, we will assume that effective breaks are at 
random and that the 681 acentnc fragments arc equivalent to 340 normal 
chromosomes We have then the equivalent of 11,152 centnc chro- 
mosomes and 340 acentnc chromosomes as a result of the first irradiation- The 
second exposure produced only chromatid aberrations, a total of 1215 Of 
these 1211 were m the centnc chromosomes and only 4 were in the acentnc 
fragments. If chromatid aberrations were at random we would expect 26 of 
them in the acentric fragments It is apparent that effective breaks are much 
more frequent in the centnc chromosomes than m the acentnc fragments 
The mitiai breaks must be at random, but those which are mvolved m chro- 
mosomal aberrations are m some way controlled by the centromere so that more 
illegitimate fusions occur in the centnc than m the acentnc chromosomes 
This effect of the centromere could be attributed to polarity and spatial re- 
lations m the case of fusions between chromatids of different chromosomes, but 
the simple deletions mvolvmg only sister chromatids at a given locus also 
appear to be associated with mechanical stress which is related to the centro 
mere Some of the differential sensitivity to x rays m centnc and acentnc 
chromosomes mi^t be attnliuted to heterochromatic regions near the centro- 
mere Kaufmann (12) has found that the heterochromatic loci m Drosophla 
chromosomes are espedaliy sensitive to breakage by x rays. In Tradtscaiiiui^ 
however, the proximal ends of the chromosome arms are only about twice os 
sensitive as the distal ends Although the distal ends of chromosome arms 
constitute a large proportion of the acentric fragments, the frequency of chro- 
maud aberrations in acentrK chromosome fragments is only about a ninth of 
that found m the centnc chromosomes, when calculated on the basis of com 
parative length The decreased sensiUvi^ of acentnc fragments would result 
in a lower frequency of chromatid aberrations m the microspores which had 
been irradiated previously at the restmg stage. This conclusion is in accord 
with the trend shown m Table I, although the differences are not statistically 
significant. 
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The “direct hit” mechanism of x-ray action on cells is supported by the 
foUowmg observations The relation between smgle chromosome breaks and 
x-ray dpsage is hnear, there is no threshold effect, and the frequency of sunple 
deletions is mdependent of the tnne-m tensity factor (13, 8) The frequency 
of chromosomal aberrations mvolvmg two breaks mcreases as the square of the 
dosage when x-ray mtensity is held constant, but the exponent of the dosage 
curve approaches 1 0 as the x-ray mtensity is decreased (8) Fractional dosage 
decreases the frequency of complex aberrations (14, 8) This behavior is 
attributed to restitution of broken chromosomes durmg the mtervals between 
exposures, and the aberration frequency reaches a minimum when the rest 
penods are about an hour Fractional dosage mvolvmg longer periods has no 
effect on subsequent sensitivity Neutrons are more effective than x-rays m 
producmg chromosomal aberrations (9) and m them lethal effect on bacteria 
(10) The increased effectiveness m both cases is attributed to the greater 
ionization density produced by the neutrons The lethal action of radiation of 
bactena is attributed to the production of lethal mutations In the case of 
chromosome aberrations the lethal effect can be attributed either to chromo- 
some deficiencies associated with chromosomal aberrations or to lethal muta- 
tions Smce Henshaw has shown that the lethal action of x-rays is produced 
by the dmect effect on the cell nucleus, it seems probable that the chromosomes 
are mvolved 

Although the major effect of x-rays appears to mvolve chromosome altera- 
tions produced by “dmect hits,” there is evidence of a general physiological 
effect It has long been known that x-rays produce a temporary cessation of 
nuclear activity (15) The “primary” effect of x-rays which results m chro- 
mosome clumpmg at metaphase also is attributed to physiological changes (2) 
These physiological effects are temporary and have a lethal effect only at very 
high doses The production of alterations m meiotic cells of Orthoptera only 
when the nuclear membrane dismtegrates at late prophase does suggest the 
production of some change m the cytoplasm (3), but the effect is similar to 
the primary effect of x-rays on dividmg somatic cells 

The response of tissues to irradiation may mvolve more than the response of 
the mdividual ceUs, smce mjury to certam cells or physiological changes m the 
surroundmg media may cause alterations which greatly change the behavior 
of ceUs not dmectly affected by irradiation Such a response is mdicated by 
the differences m x-ray sensitivity of different tissues or of different stages of 
the nuclear cycle (16) Accordmg to Shields Warren^ many tumors become 
much more resistant to x-rays durmg mtermittent treatment for several 
months This decreased sensitivity seems to be caused by changed physio- 
logical conditions resultmg from previous irradiation Most of the lethal 

^Unpublished data 



KXBJ. SAX 


537 


effect of X rays on chick embryos is attributed to indirect action, and porticu 
larly to effects on the circulatory system (17) 

The mdirect physiological effects of i rays also are found m irradiated omon 
seeds- If the germination of such seed is delayed, the chromosome aberration 
frequency is greatly mcreased (16) This effect appears to be comparable to 
the effect of age ' 


BUIOIARY 

Irradiation of Tradescantia microsporea docs not increase subsequent sen 
sitivity to X rays as measured by the frequency of induced chromosomal aberm 
tions curing the nuclear cycle The shght decrease m sensitivity is to be 
expected because acentric fragments are less sensitive than the centnc chromo- 
somes The phj’siologicai effects of i rays appear to be of minor importance 
in causmg mjury or death of individual cells, and most of the deleterious effects 
can be attributed to ^‘direct hits” which produce chromosomal alterations. 
In the reaction of tissues to i rays the physiological effects may play a more 
important part 
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The “direct hit” mechanism of x-ray action on cells is supported by the 
foUowmg observations The relation between smgle chromosome breaks and 
x-ray dosage is Imear, there is no threshold effect, and the frequency of sunple 
deletions is mdependent of the time-mtensity factor (13, 8) The frequency 
of chromosomal aberrations mvolvmg two breaks mcreases as the square of the 
dosage when x-ray mtensity is held constant, but the exponent of the dosage 
curve approaches 1 0 as the x-ray mtensity is decreased (8) Fractional dosage 
decreases the frequency of complex aberrations (14, 8) This behavior is 
attributed to restitution of broken chromosomes durmg the mtervals between 
exposures, and the aberration frequency reaches a minimum when the rest 
periods are about an hour Fractional dosage mvolvmg longer periods has no 
effect on subsequent sensitivity Neutrons are more effective than x-rays m 
producmg chromosomal aberrations (9) and m t' ' hal effect on bacteria 
(10) The mcreased effectiveness m both cases ibuted to the greater 

ionization density produced by the neutrons Th action of radiation of 

bactena is attnbuted to the production of lethaJ ions In the case of 

chromosome aberrations the lethal effect can be i ted either to chromo- 

some deficiencies associated with chromosomal aberrations or to lethal muta- 
tions Smce Henshaw has shown that the lethal action of x-rays is produced 
by the direct effect on the cell nucleus, it seems probable that the chromosomes 
are mvolved 

Although the major effect of x-rays appears to mvolve chromosome altera- 
tions produced by “direct hits,” there is evidence of a general physiological 
effect It has long been known that x-rays produce a temporary cessation of 
nuclear activity (15) The “primary” effect of x-rays which results m chro- 
mosome clumpmg at metaphase also is attnbuted to physiological changes (2) 
These physiological effects are temporary and have a lethal effect only at very 
high doses The production of alterations m meiotic cells of Orthoptera only 
when the nuclear membrane dismtegrates at late prophase does suggest the 
production of some change m the cytoplasm (3), but the effect is similar to 
the primary effect of x-rays on diAudmg somatic cells 

The response of tissues to irradiation may mvolve more than the response of 
the mdividual cells, smce mjury to certam cells or physiological changes m the 
surroundmg media may cause alterations which greatly change the behavior 
of cells not directly affected by irradiation Such a response is mdicated by 
the differences m x-ray sensitivity of different tissues or of different stages of 
the nuclear cycle (16) Accordmg to Shields Warren^ many tumors become 
much more resistant to x-rays dunng mtermittent treatment for several 
months This decreased sensitivity seems to be caused by changed physio- 
logical conditions resultmg from previous irradiation Most of the lethal 

^Unpublished data 
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effect of I rays on cinck embryos a attributed to indirect action, and particu- 
larly to effects on the circulatory system (17) 

The indirect phyridogicaV eSecti o£ x rays also are found m irradiated onion 
seeds If the germination of such seed is delayed, the chromosome aberration 
frequency is greatly increased (16) This effect appears to be comparable to 
the effect oi age 


soimAUv 

Irradiation of Tradtscantui microipores does not increase subsequent sen 
sitivity to I rays as measured by the frequency of induced chromosomal aberra 
tions cunng the nuclear cycle The slight decrease m sensitivity is to be 
expected because acentnc fragments are less seuaiUve than the centric chromo- 
somes The phj’siological effects of x rays appear to be of minor importance 
in Causing injury or death of indondoal alia, and most of the deleterious effects 
can be attributed to “direct hits” which produce chromosomal alterations. 
In the reaction of tissues to x rays the physiological effects may play a more 
important part 
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THE ROLE OF CARBONIC ANHYDRASE IN CERTAIN IONIC 
EXCHANGES INVOLVING THE ERYTHROCYTE* 

Bt M. H. JACOBS ASD TX)ROTHY R- STEWART 
iJFrcm th« Labcraiona oj Phyttclagy, Unwntiy of PennsyUanuj, PkUiuidphia, and 
Skidmcrs College, Saraioia SpnntSt and tht lianne Bvdosical Lcboralory^ 
Woods 

(Received for pxibUcatioQ, December 15, 1941) 

There has been described cbwhere (1, 2) a permeability phenorngnoa ami 
ogous in certain respects to chemical catalysis but mvolvuig a diffusiotL process 
rather than a fbprniral reaction- It now appears that this phenomenon of 
"catalyzed diffusion ’* as it may be called for brevity, is of wider applicability 
than was at first suspected- The present paper deals with certain recently 
mvcsbgaled aspects of this quesUon. 

The work bad its ongin m the observation of 0rsLov (3, 4) that the rate of 
hemolysis of mammalian erythrocytes m solutions of ammonium chlonde can 
be enormously mcreased— that is, 50 times or more— by the addition of a bttlc 
bicarbonate. Qrskov m his first paper (3) suggested that carbomc aod has a 
specific effect of some sort on the erythrocyte which makes it more permeable 
to anions later (4) he modified this view and postulated instead an increased 
permeability of the cell to the ammonium ion For various reasons which have 
m part been set forth elsewhere (5) neither of these explanations seems to be 
satisfactory, and there has been piopcsed in then place the pnimiplc of cata- 
lyzed diffusion ( 2 ), m which the action of the bicarbonate a believed to be not 
primarily upon the cell at all but rather upon the solutions on the two sides of 
the cell membrane. 

In Fig 1 A 13 represented the mechanism ( 6 ) for the entrance of NHiCl into 
the erythrocyte, which in spite of certam objections (3, 4) that we believe to be 
answerable (5), seems best to explain the Imown fiicts Accordmg to it NHj 
molecules first enter the cell and there become converted into NH* ions, 
a subsequent shift of anions through the amon-permrable membrane completes 
the process. The overall rate of transfer of the salt is slow chiefly because of 
the extrcmd> lo\y concentration of OH' ions m the cell at any given tim^ 

If, now, NH 4 HCO 1 — or any other bicarbonate — be added to the external 
solution, w c ha\ e the conditions represenLed in Fig 1 B in which a new molecule 
of very great penetrating power, COj, is present Mass law considenitiDna 
demand that for equilibnum the product X/HCQiia^ must 

• This work was made possible by a grant from The Rockefeller Foundatian. 
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equal [NH^joutaido X [HCOsjoutaida Since [NH^Joutsida is initially much 
higher than [NEUJmoida because of the high external concentration of NHjCl, 
there will be a tendency to force [HCOsJin.ida above [HCOaJout.ida This,’ 
however, in an anion-permeable cell would lead to an exchange of HCOj for 
Cl As a final result of these two processes NH 4 CI has entered the cell and 



(i) HCO 3 - ^ COi+HiO (3U) HCOf C0,+ OH- 

Fig 1 Ionic exchanges mvolvmg the erythrocyte The cell m each case is sup- 
posed to be on the left-hand side of the vertical hne^ (A) Cells in a solution of NH4CI 
(B) Same, after the addition of NH4HCO3 (C) Cells in an alkahne bicarbonate- 
free solution (D) Same, after the addition of bicarbonate (E) Cells in a solution 
of a sulfate (F) Same, after the addition of bicarbonate (first stage) (G) Same as 
F (second stage) 

HCO 3 IS back agam on the outside ready to repeat the cycle It therefore 
serves as a catalyst, so to speak, to get the NHiCl mto the cell more rapidly 
than it could enter by mechanism 1 A 
Experimental evidence for the cycle suggested m 1 B is provided by the ac- 
tion of certam narcotics which considerably decrease the permeabihty of the 
erythrocyte to amons, while havmg httle effect on that to the molecules COj 
and NH 3 The form of the swelhng curves m the presence of such substances 
IS, m general, that demanded by the theory (2) Low concentrations of tannic 
acid may also be used to separate m part the “molecular” from the “ionic” 
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portions of the swelling processes More direct evidence m fa\or of the 
catalyzed diffusion theory, however, is furnished b> another method, entirely 
different m principle, with which the present paper is chiefl> concerned 

u 

It will be noted that m the cycle represented m Fig 1 B there is at one point 
a conversion of COa to HCOj at another pomt the reverse change from 



Fig 2 Volume changa of washed beef erythrocytes in u/6 NHiCl to which 
NHiHCOj vs added 22 C The breaks In the cur. cs mdiavtc intervals of 1 second. 
(A) 0 003 u NHaHCOj added (B) Same with carbonic anh>drase m the external 
solution (C) Same as B in the presence of 125 mg per cent of sulfanilamide. (D) 
Same as A but carbonic anhydrasc added 6 seconds after the bicarbonate (E) 
Same as B but KCN (0 007 u) added a few seconds after the bicarbonate (F) 
Same as D but with half as much bicarbonate, enryme added after about 25 second*. 
(G) Same as F but ena^Tnc added before the bicarbonate 

HCOj to COj occurs Both of these changes arc known in thcmselvTS to be 
rather slow but to be greatly accelerated by the enzyme carbonic anhydrase 
(7) If therefore the catalyzed diffusion theory be true the overall rate of 
the entire process should be strongly influenced by this eniy me according to 
the purely static theory of Qrskov on the other hand, there is no very obvious 
reason why such an enzyme should have an\ effect The expenments here to 
be reported, mvolvmg m part the addition of more carbonic anhydrasc to the 
hemolytic system and m part the macUvation of that already present m the 
erythrocytes have given results whidi strongly support the theory of catalyzed 
diffusion 

In rig 2 are represented certain volume changes of beef erythrocytes, re- 
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corded photographically by the method of Parpart ( 8 ) The breaks in the 
curves indicate intervals of 1 second In Fig 2 A washed beef cells were placed 
in m/6 NH^Cl, in which they swell very slowly At the point where the sudden 
rise of the curve begins 0 1 ml of m/2 NH4HCO3 was added to IS ml of the 
suspension, the resulting bicarbonate concentration therefore being appro\i- 
mately 0 003 m The swelling of the cells shown in the photograph passed 
imperceptibly into hemolysis, which under these conditions required several 
minutes for its completion, but which with the scale of magnification here used 
could not be recorded in full on the photographic paper 

The conditions in Fig 2 B were exactly the same as in Fig 2 A except that 
at the beginning of the experiment one drop of a solution containing carbonic 
anhydrase prepared by the method of Meldrum and Roughton (7) had been 
added to the cell suspension a few seconds before the beginning of the photo- 
graphic record It is obvious that the swelling process was strikingly ac- 
celerated , the same was true of the hemolysis which followed An interesting 
modification of the ex-periment is shown in Fig 2 D m which the enzyme was 
added after the bicarbonate instead of before it The almost instantaneous 
acceleration of the swelling process which it produced is clearly shown Figs 
2 F and 2 G correspond exactly to Figs 2 D and 2 B, respectively, except 
that the concentration of bicarbonate here employed was only half as great, 
and the rate of swelling both before and after the addition of the enzyme was 
m consequence considerably slower The addition of enzyme inactivated by 
heat had no such effect 

An experiment of the opposite sort is illustrated in Fig 2 C, in it the enzyme 
within the cells as well as that added externally in the same amount as in Fig 
2 B had been inactivated before the addition of the bicarbonate by means of 
sulfanilamide (125 rag per cent) This substance is known to have a specific 
inhibitory action on carbonic anhydrase (9) It will be seen that under these 
conditions the bicarbonate effect almost disappeared The same general re- 
sult has been obtained many times under a variety of conditions It may be 
noted that the effect of sulfanilamide on the permeability of the erythrocyte to 
various non-electrolytes such as glycerol or thiourea or even to ammonium 
salts such as acetate, which do not require an ionic exchange for their pene- 
tration (6) IS comparatively slight 

While sulfanilamide acts almost instantaneously on the carbonic anhydrase 
in the external solution, its effect in the interior of the cell is subject to a slight 
delay Thus the rate of swelling, on the addition of bicarbonate, of cells sus- 
pended in NH 4 CI saturated w ith sulfanilamide is distinctly slower after an ex- 
posure of 2 minutes than after one of a few seconds, indeed, in the latter case 
a complete photographic record shows for a short time a gradual decrease m 
the rate of s\\ elhng, after u hich no further change of rate occurs Conversely, 
cells pre\iously saturated with sulfanilamide do not instantly reach their 
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maxiroum rate of swelling when placed in a sulfanilamide-free mature c>f 
NHiCl and NH*HCOa It may be concluded, therefore, that although m its 
powers of entering living cells sulfanilamide must be classed as a readil> 
penetrating compound, the erythrocyte is not as permeable to it as it is, for 
e.mmple, to urea acetamide, various alcohols etc- 

It IS also known that carbonic anhydrase can be reversibly inactivated by 
cyanides (10) The rapidity with which these substances produce on mtermd 
effect on the erjdhrocjte is well shown m Fig 2 E in which the addition of 
005 ml of 2 it K.CN to IS ml of the stirred cdl suspension almost instantly 
stopped even the maximum rate of swelling attainable under the conditions of 
the experiment The inhibitory effect of cyamdes on the cm^me present ib 
the intenor of the crythroc) te seems to be completely reversible on washing 
the cells It should be noted that wh2c cyanides mhibit the catalytic effects 
of bicarbonates on the entrance of NH^Cl they may under appropriate con 
ditions have a catalytic effect of their own, though a considerably weaker one 
than bicarbonatcs This behavior would be expected from certain other sum 
laxities between carbotuc aad (11) and HCN (12) and their salts. An analo- 
gous effect of sulfides might also be anuapated (13) and has in fact been lO 
dicated by some preliminary experiments (2) 

The effects of carbonic anhydrase and of sulfanilamide on the 0rskov effec^t 
can also readily be demonstrated and even measured quantitatively with a 
very satisfactory degree of accurac) by the hemolysis method which m iW 
simplest form requires no apparatus but a teat lube and a stop-watch This 
method m general gives Te8u\t3 very similar to those aiready described except 
that m any given expenraent only a single point on the swelling curve instead 
of the entire curve is open to investigation 
To meet the possible objection that the supposedly pro hemolytic optiod 
changes recorded m Fig 2 might be due m part to some undetected non-osmolic 
type of hemolysis the expenment was varied so as to avoid hemolysis alto- 
gether In Fig 3 are shown the volume changes of erythrocytes suspended m 
isotonic NaCl when shrinkage is first produced by the addition of saturated 
NH4CI (0.3 ml to 15 ml of suspension) and restoration of the original volume 
IS then accelerated by the further addition at the point where the slope of the 
curve changes of 0 1 ml of m/2 NH4HC0». The nse of the curves somewhat 
above the starting point m these figures a due to the unavoidable slight dilu 
tion of the cell suspension, to which the optical system used for rccordmg is 
very sensitive As before, the acceleration of the rate of swelling by bicaf 
bonate (Fig 3 A) the further acceleration by the addition of enzyme (Fig 
3 B), and the almost complete abolition of the bicarbonate effect bv sul 
fanilamtde (Fig 3 C) are clearly shown 
The effect of sulfanilamide under these various conditions is readily rever 
siblc Even after an exposure of more than 30 hours to a saturated solution 
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corded photographicall)^ by the method of Parpart (8) The breaks in the 
curv'es indicate inter\'als of 1 second In Fig 2 A washed beef cells were placed 
in ir/6 NH4CI, in which they swell very slowly At the point where the sudden 
rise of the curve begins 0 1 ml of m/2 NH4HCO3 was added to 15 ml of the 
suspension, the resultmg bicarbonate concentration therefore bemg approxi- 
mately 0 003 M The swelling of the cells shown in the photograph passed 
imperceptibly into hemolysis, which under these conditions required several 
minutes for its completion, but which with the scale of magnification here used 
could not be recorded m full on the photographic paper 

The conditions in Fig 2 B were exactly the same as in Fig 2 A except that 
at the beginning of the experiment one drop of a solution containing carbonic 
anhydrase prepared by the method of Meldrum and Roughton (7) had been 
added to the cell suspension a few seconds before the beginning of the photo- 
graphic record It is obvious that the swelling process was strikingly ac- 
celerated, the same was true of the hemolysis which followed An interesting 
modification of the experiment is shown m Fig 2 D m which the enzyme was 
added after the bicarbonate instead of before it The almost instantaneous 
acceleration of the swelling process which it produced is clearly shown Figs 
2 r and 2 G correspond exactly to Figs 2D and 2 B, respectively, except 
that the concentration of bicarbonate here employed was only half as great, 
and the rate of swellmg both before and after the addition of the enzyme was 
in consequence considerably slower The addition of enzyme inactivated by 
heat had no such effect 

An experiment of the opposite sort is illustrated in Fig 2 C, in it the enzyme 
within the cells as well as that added externally in the same amount as m Fig 
2 B had been mactivated before the addition of the bicarbonate by means of 
sulfanilamide (125 mg per cent) This substance is known to have a specific 
inhibitorj'^ action on carbonic anhydrase (9) It will be seen that under these 
conditions the bicarbonate effect almost disappeared The same general re- 
sult has been obtained many times under a variety of conditions It may be 
noted that the effect of sulfanilamide on the permeability of the erythrocyte to 
\anous non-electrolytes such as glycerol or thiourea or even to ammonium 
salts such as acetate, which do not require an ionic exchange for their pene- 
tration (6) is comparatively slight 

W'hile sulfanilamide acts almost instantaneously on the carbonic anhydrase 
in the external solution, its effect m the interior of the cell is subject to a slight 
delay Thus the rate of swelling, on the addition of bicarbonate, of cells sus- 
pended in NHjCl saturated with sulfanilamide is distinctly slower after an ex- 
posure of 2 minutes than after one of a few seconds, indeed, in the latter case 
a complete photographic record shows for a short time a gradual decrease in 
the rate of swelling, after w'hich no further change of rate occurs Conversely, 
cells preMously saturated w'lth sulfanilamide do not instantly reach their 
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mn-nmiim rate of swelling when placed in a sulfanilamide-frce raiiture of 
NH4C1 and NHiHCOj. It may be concluded, therefore, that although m its 
powers of entering living cells sulfanilamide must be classed as a readily 
penetrating compound, the erythrocyte is not as permeable to it as it is, for 
example, to urea acetamide, various alcohols, etc. 

It is also known that carbonic anhydrase can be reversibly inactivated by 
cyanides (10) The rapidity with which these substances produce an internal 
effect on the erythrocyte is well shown in Fig 2 E, in which the addition of 
0 05 ml of 2 u KCN to 15 ml of the stirred cell suspension almost instantly 
stopped even the maximum rate of swellmg attainable under the conditions of 
the experiment The inhibitory effect of cyanides on the enzyme present m 
the mtenor of the erythrocyte seems to be completely reversible on washing 
the cells It should be noted that while cyamdes mhibit the catalytic effects 
of bicarbonates on the entrance of NH<CJ, they may under appropriate con 
ditions have a catalytic effect of their own, though a considerably weaker one 
thnn bicarbonates This behavior would be expected from certain other simt 
lanties between carbonic aad (11) and HCN (12) and their salts An analo- 
gous effect of sulfides might also be ontiapated (13) and has in fact been in 
cheated by some preliininar> experiments (2) 

The effects of carbonic anhydrase and of sulfanffamide on the Orskov effect 
can also readily be demonstrated and even measured quantitatively with a 
very satisfactory degree of accuracy by the hemolysis method, which m its 
simplest form requires no apparatus but a test tube and a stop-watch This 
method m general gives results \ery similar to those already desenbed except 
that m any given experiment only a single point on the swelling curve instead 
of the entire curve is open to investigation 
To meet the possible objection that the supposedly pre hemolytic optical 
changes recorded m Fig 2 might be due m part to some undetected non-osmotic 
type of hemolysis, the experunent was varied so as to avoid hemolysis alto- 
gether In Fig 3 arc shown the volume changes of erythrocj tes suspended in 
isotonic NaCl when shrinkage is first produced by the adchbon of saturated 
NHiCi (0 J mi to 15 ml of suspension) and restoration of the original volume 
13 then accelerated by the further addition at the point where the slope of the 
curve changes, of 0 1 ml of ir/2 NH4HCOJ The nsc of the curves somewhat 
above the startmg pomt m these figures is due to the unavoidable sbght dilu 
tion of the cell suspension to which the optical system used for recording is 
very sensitive As before, the acceleration of the rate of swelling by bicar 
bonate (Fig 3 A) the further acceleration by the addition of enzyme (Fig 
3 B) and the almost complete abolition of the bicarbonate effect by sul 
fanibmide (Fig 3 C) are clearly shown 
The effect of sulfanilamide under these vanous conditions is readilj rever 
Bible Evxn after an exposure of more than 30 hours to a saturated solution 
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m isotonic NaCl beef erythrocytes recovered their original behavior after 
being washed twice m a sulfanilamide-free isotonic salt solution As to the 
lowest effective concentration of sulfanilamide, the hemolysis method with 
human erythrocytes under certam conditions (pH 7 6 with a phosphate-phtha- 
late buffer) showed a distmct mhibitmg action of as little as 0 03 mg per cent, 
which IS approximately the same as the rmnimum concentration (2 X 10^ m) 
found by Mann and Keilm (9) We have some reason to believe, however, 
that a systematic search for the optimum experimental conditions might enable 
this value to be carried even lower As it stands, it is roughly only 1/300 of a 











"(minttii — 

c 




Fig 3 Volume changes of washed beef erythrocytes onginally in m/6 NaCl 0 3 
ml of saturated NH 4 CI added to 15 ml of the suspension, followed by 0 05 ml of 
m/2 NH 4 HCO 3 22°C The breaks in the curves indicate intervals of 1 second 
(A) NH 4 HCO 3 alone added (B) Same as A, but with carbonic anhydrase in the 
external solution (C) Same as B in the presence of 125 mg per cent sulfanilamide 

typical concentration (10 mg per cent) in the blood of human patients under 
sulfanilamide therapy In this connection it may be mentioned that sulfa- 
pyndine, as would be anticipated from its behavior with carbonic anhydrase 
in vitro (9), has been found to have no demonstrable inhibitory effect on the 
volume change of erythrocytes produced by ISrH4Cl — NH4HCO3 systems ‘ 

ni 

As a result of the experiments so far outlined and others of a similar nature 
it may be said with some confidence that the 0 rskov effect is not only influenced 
by carbonic anhydrase but is largely dependent on it Support therefore seems 
to be given to the catalyzed diffusion theory The principle in question, has, 

1 Sulfathiazole behaves like sulfapyridine 
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however, a wider appbcability than merely to the behavior of ammonium salts, 
smee it seems to be involved m other more frequently encountered ionic ex- 
changes of a different sort 

Consider for example the volume changes of erythrocytes produced by pH 
changes of the external medium These cells have long been known to swell 
m aad and to shrink in alkaline solutions (14-16) at rates which are m general 
rather slow, requiring minutes or possibly sometimes even hours for the attam 
menl of the final equilibrium volume In the presence of a httle bicarbonate, 
however, we have found that the corresponding times ma>, under favorable 
conditions be shortened to a few seconds, and this fact has smee been put to 
practical use m bringing about rapid equilibration of erythrocytes to solutions 
of altered pH 

The theory of the effect is verj simple (Fig 1C) On making an external 
bicarbonate free solution more aikalme there is an exchange of OH' ions from 
the solution for Cl' ions from the cell Most of the OH' ions combine withm 
the cell to form water, which is osmoUcallv inactive the K formerly paired 
with the Cl' now being held by the polyvalent hemoglobm ion The osmotic 
effect of the Cl' is therefore largelj lost without bemg replaced by anythmg 
else and the cell shrinks The rate of the process except at high degrees of 
alkalmity, is quite slow presumably because of the low concentration of OH' 
ions If however, bicarbonate be present (1 D) m a concentration which, 
though low as compared with that of Cl' isverj high as compared with that of 
OH' a rapid ‘ catalytic cycle becomes possible between the more aikalme 
external solution and the more acid cell On the aad side of the cell membrane 
the tendency is to form COj from HCOi on the aikalme side, the reverse 
As long as a pH difference exists between the cell and its surroundings and there 
is Cl' to exchange for HCOi the cycle can continue (see m this connection 17) 
The exchange of Cl' for HCOj is known to be an extremely rapid process (18, 
19), and in the presence of carbonic anhydrase the other parts of the cycle can 
also become rapid. The final equilibrium should therefore be approached far 
more quickly in the presence than in the absence of bicarbonate 

It 13 easy to show the effect of bicarbonates and of carbomc anh 3 tlrase on 
the rates of shrinkage and swelling produced b> pH changes. In Tig 4 A 
beef erythrocytes were suspended in a buffered salt solution at pH 7 01 
Enough NaOH was then added to change the pH to 8J5 Tlie shnnkage that 
followed was so alow that no attempt was made to follow it photographically 
to Its end Instead after about 90 seconds enough aad was added approxi 
mately to restore the ongmal pH and a slow return towards the original \ol 
ume occurred It will be seen m Fig 4 B that the presence of a httle bicar 
bonate greatly accelerated both processes particularly the swelling The 
addition of carbonic anhydrase (Fig 4C) still further mcreased the rapidity 
of shrinkage though under the conditions of this particular expenmcnl it did 
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not make very much difference in the swelling process In the presence of 
sulfanilamide, on the other hand (Fig 4 D), the same amounts of bicarbonate 
and of enzjTOe as in Fig 4 C were almost without effect 
Particularly striking results can be obtained with cells suspended in isotonic 
sugar solutions made alkaline with NaOH Under these conditions shrinkage 
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Fig 4 Volume changes of washed beef erythrocytes onginally in Ar/6 NaCl buf- 
fered at pH 7 01 with a phosphate-phthalate mixture 22°C The breaks m the 
curves indicate intervals of 1 second (A) Sufficient NaOH added to change the pH 
to 8 35, then sufficient HCl approximately to restore its ongmal value (B) Same 
as A m the presence of 0 002 ii NaHCOs (C) Same as B with carbonic anhydrase 
in the external solution (D) Same as C m the presence of 125 mg per cent of 
sulfanilamide 

occurs fairly rapidly, but can be greatly accelerated by bicarbonates Fig 
5 A represents the behavior of a stirred suspension of beef erythrocytes in a 
0 3 m sucrose solution which, at the point where the descent of the curve begins, 
nas suddenly brought to pH 8 9 with NaOH The resulting shrinkage of the 
cells was still in progress, though nearly complete, in 90 seconds Fig 5 B 
represents a similar experiment, begun in exactly the same way, but with the 
addition after 15 seconds of a small amount of bicarbonate (0 002 m) The 
response of the cells to the presence of the bicarbonate is strikingly shown A 
second addition of the same amount of bicarbonate after the descent of the 
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curve had been completed (6 seconds from the end of the record) can be seen 
to have had almost no further effect The pH of the solution m this case was 
httle changed by either addition of bicarbonate, the chief effect of the latter 
bemg greatly to hasten the attainment of an otherwise predetermined equi 
libnum — which is the essence of the behavior of a catalyst 

Another senes of expenments, not here represented by photographs illus- 
trate another aspect of the catalytic*' effect of bicarbonates. In each case 




Fic 5 Voluine changes of washed beef ciythroc> tea originally in 0 J u sucro*^. 
22*C The breaks m the curves indicate intervals of 1 second (A) SufBaent 
NaOH added at the descent of the curve to bring the pH to 8 9 (B) Same but at 

the pomt of the second more rapid descent NaHCOj (0 002 u) was added An equal 
amount of NaHCOj ims again added 6 seconds from the end of the record (C) 
Cells la 0 3 u sucrose, (D) Same as Chut at the pomt of the rapid descent NaHCOj 
(0 002 u) was added (E) Same as D in the presence of 125 mg per cent of fulfaDil 
amide, 

the cells were placed in a 0 3 u sucrose solution made alkalme with NaOH 
and bicarbonate was added as before but after different tunes m the different 
experiments, (See also m this connection Fig 6 ) The rapid shnnlaige m 
duced by this addition was very different m magnitude accordmg to the time 
at which it occurred, but m each cose was approximately that required to 
complete the process of shrinkage already m progress As before, a further 
addition of bicarbonate after the attornment of the final cell Nmlumcs had only 
neghgible effects 

Bicarbonate effects of this type, like those mvolving ammomum salts are 
greatly reduced bj inhibitors of carbonic anhydnise such as cj'amdca and sulf 
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anilamide, as is shown m the senes of experiments represented in Fig 5 In 
Fig 5 C washed beef erythrocytes were suspended in 0 3 h sucrose, in which a 
very slow shrinkage takes place, presumably m consequence of the exchange 
of CF ions from the cell for OH' ions from the surrounding non-electrolyte 
solution (for a discussion of this behavior, see Jacobs and Parpart, 20, 21, and 
Wilbrandt, 22 ) The addition of bicarbonate to such a suspension has the 
double effect of greatly increasing the concentration of OH' and at the same 
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Fig 6 Volume changes of washed beef erythrocytes m ii/12 NazSOr buffered at 
pH 7 4 (The shght hypotomcity of the solution was intentional to avoid the pos- 
sibility of direct osmotic effects during the course of the experiment in the same 
direction as those caused by the ionic exchange ) 22°C The breaks in the curves 

indicate intervals of 1 second (A) At the point of sudden descent of the curve 
NaHCOa (0 002 m) was added A second equal amount added a few seconds from 
the end of the curve had a negligible effect (B) Same as A, but the first addition 
of bicarbonate was made earlier (C) Same as B in the presence of 125 mg per 
cent of sulfanilamide 

time bringing into action the catalytic mechanism already discussed The 
resulting shrinkage (Fig 5 D) was the most rapid that has as yet been obtained 
by any method involving the effects of increased alkalinity, being virtually 
complete m 4 or 5 seconds The effect of sulfanilamide, shown m Fig 5 E, 
IS greatly to retard this change, which m its presence was not finished even at 
the end of 90 seconds It should, of course, be noted m this, as in other cases 
that bicarbonates are not completely ineffective m the absence of active car- 
bonic anhydrase, since the reaction CO 2 -f HjO H 2 CO 3 can take place in 
either direction without the assistance of any enzyme, though at a greatly re- 
duced rate 
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The general conclusion to be drawn from the experiments discussed m the 
present section, and from other simiUr ones that have not been mentioned, 
is that the “catalytic” effect of bicarbonates on the alterations of the cell 
volume mduced by pH changes is as striking as that previously described for 
ammonium salts. Like the latter, it is dependent for its full effectiveness on 
the presence of the enxyme carbomc anhydrase 

IV 

In the cases so for discussed the idle of COj and HCOi m promoting lomc 
exchanges is fairly obvious, A somewhat more surprising instance of an ap- 
parent catalytic effect of bicarbonates has been found in connection with ihe 
volume changes of erythrocytes associated with the exchange of Cl' from the 
cells for SO<^ from the surrounding solution. This phenomenon, which de- 
pends on the fact that one bivalent ion is osmoticalJy less effective than the two 
umvalent ions for which it must be exchanged, has recently been studied by 
Porpart (23), who worked exclusively with well washed erythrocytes from 
which most of the bicarbonate hod presumably been removed. Under these 
conditions he found that the rate of exchange of the two ions is rather slow, the 
times for one-half completion of the process at 20®C frequently being measured 
m minutes rather than in seconds 

In repeating some of Parpart's experiments with u/9 and ii/12 solutions of 
NajS 04 buffered at different pH values by a phospbate-phthaJate mixture 
we were surprised to find that the addition of low concentrations of sodium 
bicarbonate rapidly brought about the attainment of the final volume — fre- 
quently within a few seconds That the effect was not merely that of alkalinity 
per se, which Parpart had studied, was shown by the fact that the pH changes 
of the buffered solution produced by low concentrations of bicarbonate were 
usually rather slight Furthermore, even with the most careful pH control 
the bicarbonate was found to have a relatively enonnous effect of its own, 
which m several important respects resembled that described in the preceding 
sections. 

For example, at a constant pH value the cell volume finally attained m a 
buffered solution of NajSOi was, witlun reasonable limits, independent of the 
amoimt of bicarbonate added, though the rates of its attainment voned as 
before Furthermore, at constant pH, the addition of more bicarbonate 
after the equilibnum volume had been reached had little effect Likewise, 
the magnitude of the acceleration following the addition of the bicarbonate 
depended on the time of its addition. Finally, and perhaps most important, 
the bicarbonate effect largely disappeared in the presence of sulfanilamide or 
KCN, mdicatmg that, os before the enzyme carbomc anhydrase was playing 
a part m the process. Some of these peculianties of behavior are shown m 
Fig 6 
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Though the exact mechanism of action of HCO3 on the Cl'-SOl' exchange is 
still imder mvestigation, a tentative explanation of it may be suggested As 
has already been noted above, the exchange of HCO3 for Cl' is known to be 
extremely rapid When, therefore, sodium bicarbonate is added to a solution 
of a salt with a much more slowly penetratmg amon such as S04^ there wiU 
be a tendency, regardless of this ion, for an immediate approach toward the 
Dorman distnbution [Cl'],/[Cl']o = [HC03]./[HC03]o, the subscripts i and 0 
mdicatmg inside and outside respectively It is easy to show that for a ratio 
of volume of solution to volume of cells of 600 1 , which was approximately 
that mvolved m the present experiments, an exchange of equal numbers of 
the two 10ns m question would lead to a very high value of [HCO3], as com- 
pared with [HCOsJo, I e , to a considerably mcreased mtemal alkahmty of the 
ceU This, by the mechanism already discussed, would lead to a rapid shrink- 
age of the ceU, and it is reasonable to suppose that the immediate volume 
changes on the addition of bicarbonate recorded m Fig 6 may be largely due 
to this factor Indeed, a situation m which it is the only factor of significance 
IS provided by the use of isotomc sodium atrate instead of sodium sulfate for 
the external solution Smce erythrocytes are almost impermeable to the 
atrate ion ( 2 , 24 ) then behavior m a solution of sodium citrate, both before 
and after the addition of bicarbonate, m certam respects should be, and has 
actually been found to be, essentially the same as that m a solution of sucrose, 
which has already been discussed 

The subsequent exchange of SO4 for HCO3 cannot be followed by the 
method of volume changes, smce theoretically about the same shrinkage 
should result either from the exchange of a given number of Cl' 10ns from the 
ceU for an equal number of HCO3 10ns, or for half the number of SO^ 10ns, 
from the surroundmg solution It has, m fact, been found expenmentaUy that 
cells first equihbrated with m/6 NaHC03 and then placed m m/9 Na2S04 
show an almost complete absence of the moderately slow volume changes 
that occur under these conditions with cells previously equihbrated with 
m/6 NaCl 

I^Uiile the most obvious part of the volume change produced by the addition 
of bicarbonate to a Na2S04 solution therefore appears to be associated with a 
temporary tendency towards mcreased mtraceUular alkahnity (Fig 1 F), 
it would seem theoreticaUy that under the conditions of these experiments 
ought to enter the ceU more rapidly after most of the Cl' of the ceU has 
been replaced by HCO3 than before, m consequence of the operation of the 
cycle represented m Fig 1 G Some experimental evidence m favor of this 
view has been obtamed by studymg the mcreases m ceU volume on the ad- 
dition of smaU amounts of NaCl to the external solution at different tunes 
durmg and after the shrinkage process, but more work along these hnes wfil 
be reqiured before this evidence can be considered complete There is also a 
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possibility; suggested by tbe work of Parpart, that the increased intracellular 
alkalinity resulting from the exchange of Cl' for HCO^ may make the cell 
more permeable to the SO* ion. At all events, there is no doubt that the 
otherwise rather slow shrinkage of erythrocytes m buffered NajSO* solutions 
can be greatl> accelerated by the presence of low concentrations of bicar- 
bonates, this effect being, m turn, strongly influenced by the enzyme car- 
bomc anhydrase. 

What 13 true of the erythrocyte is doubtless also true of other cells which 
are permeable to anions The presence of carbonic anhydrase in large quan 
titles in tissues such as the gastric mucosa (25), the gills of Ashes (26), etc., 
m which there is reason to believe that exchanges of anions of different sorts 
t-^k^ place, IS of possible mterest m th is connection. In conclusion, it may 
be noted that in the case of cells which are more permeable to cations than to 
anions, of which many examples are known in both nrumrilq nnd plants, it 
would be reasonable to expect that ammonia might perhaps take part m a 
“catalytic” cycle simil a r to that here suggested for carbonic aad m the case 
of amon permeable cells (27) This field has, however, not yet been m>'esti 
gated 

SU^qiaBY 

1 The acceleration by bicarbonates of the swelling and hemolysis of erythro- 
cytes m solutions of ammomum salts, first reported by prskov, is strikingly 
dependent upon carbonic anhydrase bemg almost abolished by inhibitora of 
this enzyme such as KCN and sulfanflamidc, and under suitable conditions 
being enhanced by its addition to the extenml solution This behavior gives 
support to the theory of ‘ catalyzed diffusion” as an explanation of the Prskov 
effect- 

2 The inhibitory effects of both sulfanilamide n.nd K.CN seem to be capable 
of complete reversal on washing the erythrotytes in isotonic salt solutions. 
The full effect of KCN appears almost instantly, that of sulfanilaimde requires 
a period measured in seconds, or possibly o'en m minutes, to reach its maxi- 
mum, the delay presu mab ly bemg due to the slower penetration of the erythro- 
cyte by this substance. Under favorable conditions the effect of concentra- 
tions of sulfanilamide of a few hundredths of a milligram per cent can be 
demonstrated No similar effects have been obtained with sulfapyndine 

3 Bicarbonates also have a ‘ catalytic’* effect on the response of the internal 
pH of erythrocytes to changes m t^t of their surroundings The resultmg 
volume changes of the cell, which otherwise frequently require many mmutes 
for their completion, may take pbee within a few seconds m the presence of 
bw concentrations of bicaibonates. At a given pH value the effect of the 
latter substances is chiefly on the rate of the change and only to a minor extent 
on its magmtude It may be further accelerated under appropriate conditions 
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by the addition to the cell suspension of carbonic anhydrase, and can be almost 
abolished by KCN and by sulfamlamide 
4 Volume changes of eiythrocytes assoaated with exchanges of Cl' for 
SO4 10ns are greatly accelerated by low concentrations of bicarbonates, this 
effect bemg likewise dependent upon carbomc anhydrase There is some 
evidence that m this case the exchange takes place, at least m part, m two 
steps Cl' for HCO3 and HCO3 for SO" 
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VISUAL ACUITY ANB ILLUMINATION IN DIFFERENT SPECTRAL 
REGIONS 
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I 

mraoDTjcnoN anb peoceduxe 

It has long been known that visual acuity increases with the illumination 
(Dhthoff, 1886, Koenig, 1897) A precise study of this function with white 
light (Shlaer, 1937) has shown that the data fall into two distinct functions, one 
at intensitiea below about 0 1 photon, and the other at intensities above that. 
This separation is understandable m tenna of the duphaty theory 

Because of the different senslbflitiea of the rods and cones in the spectrum, ft 
13 to be expected that the short wave end of the spectrum will give the greatest 
separation between the rod and cone functions, that the long wave end will give 
practically a pure cone function, and that the intermediate spectral regions will 
give mterme^te sepoiations Such a situation has already been found in 
mtensity discrimination, dicker, dark adaptation, and is mdicated in Koenig^s 
(1897) visual acuity data (Hecht, 1937) We therefore determined to measure 
the relation between visual acuity and illumination m lights of different re* 
stneted spectral regions, using the some two test ob 3 ect 8 as in the previous study 
with white UghL These were a broken, aide (C) with the break equal to the 
width of the line fomung the orde and one-fifth its outside diameter, and a 
gratmg having opaque and transparent bare of equal sue. Because visual 
acuity measurements are extremely difficult and tedious to make, and because 
the mtermcdiate spectral regions give results of but secondary im- 
portance, most of the measurements to be presented here were made with only 
the two extremes of the visible spectrum, the red and the blue 
The apparatus we used has already been described in detail (Shlaer, 1937) 
It consists essentially of a device in which the test object is presented at a fixed 
distance of 1 meter from the eye in the center of a uniform field about 30® m 
diameter, and is viewed through an artificial pupil The size of the test object 
may be changed contmuously over a 1 to 100 range by means of a variable focus 
projection system, while the fllummation is varied m small steps by means of 
neutral fillers The neutral filters were calibrated m light transmitted by the 
color filters, usmg a Koemg Martens photometer The hctcrochromatic den 
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sity of the color filters was determined by comparison with similar filters cah- 
brated by Hecht and Snuth and used m the flicker mvestigation by Hecht and 
Shlaer (1936) 

The procedure was for the most part as aheady descnbed The subject was 
first completely dark adapted His visual acmty was then determmed at the 
lowest mtensity possible after he had become completely adapted to that field 
bnghtness The mtensity was then raised a smtable amount and the measure- 
ment repeated after the subject had agam become adapted to the new bnght- 
ness This was contmued till a httle more than half the complete mtensity 
range had been covered The very next day measurements were begun a httle 
below the highest pomt reached m the previous session and earned to the end of 
the mtensity range In this way exceptional fatigue of the observer was 
avoided, while the overlappmg pomts of the two consecutive sessions gave as- 
surance that no change m the sensitivity of the observer had occurred Other 
differences from the previously described procedure will be noted below m the 
relevant sections 

Measurements were made with the right eye of E L S and of A M C , while 
S S IV as the mampulator EX S and A M C had served as observers m the 
previous study with white hght 


n 

Results with the C Test Object 

Measurements with the C as test object were made with hght of two different 
spectral regions (1) that transnutted by Eastman Kodak Wratten filter No 
70 (the color is red of dominant wavelength 670 m/i), and (2) that transnutted 
by Wratten filter No 75 and Commg filter No 428 (the color is blue of donu- 
nant wavelength 490 m/i) Filter 75 was chosen m preference to 76 (violet, of 
dommant wavelength 450 mji) because its visual density is much lower, enab- 
hng maxunal visual acmties to be attamed, while the displacement of the rod and 
cone sections of the data is nearly the same as that produced by violet hght A 
fixed pupil of 2 mm diameter was used for both 

The Commg filter served two purposes It absorbed the small amount of red 
hght transnutted by the blue Wratten filter, and was ground to be a lens of — 1 
diopter (focal length of 1 meter) The latter overcomes the difficulty of the 
emmetropic eye m focusmg the test object m blue hght because of chromatic 
aberration ^ 

^This phenomenon may be simply demonstrated by means of the “monochromat” 
senes of Wratten filters of Eastman Kodak Company If one looks through these 
filters at some distant object, one finds that fine detail is readily perceived through all 
but filters 75 (blue) and 76 (violet) With these a lens of about - 1 diopter at once 
restores the sharpness of vision 
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The data are given in Table I Each datum is the average of determinations 
made m two different complete runs. Those m blacL type represent measure- 

TABLE I 

Vistuil Aaniy and lUumzfuiion C Ttsi Objcd 


The bold numbers represent determiimtioni with peripheral visjon m a subjectively 
colorlcM field the italic numben, with parafoveal vision m a colored field and the rest^ with 
fovcfll vision in a colored field. 


Knd (X - 670nri ] 

Bint (X ~ 490 iob) 

Lot I b photons 

Log TisBsl ncaltr | 


Lof Tins] senitv 

AALC. 

EXA. 


AALC. 


1 

2 

1 

4 

S 


-1 875 

-1 4S4 

-1 481 

-3 865 

-1 46B 


-1 546 

-1 192 

-1 304 

-3 392 

-1 181 

-1 363 

-1 243 

-0 954 

-1 055 

-3 0S4 

-1 067 

-1 233 

-0 

-0 657 

-0 715 

-2 785 

-0 Mfi 

-1 108 

-0 522 

-0 435 

-0 468 

-2 269 

-0 834 

-0 860 

-0 219 

-0 269 

-0 314 

-1 961 

-0 782 

-0 ns 

0 193 

-0 104 

-0 121 

-1 662 

-0 734 

-0 703 

0 512 

0 018 

0 016 

-1 317 

-0 649 

-0 604 

0 815 

0 118 

0 103 

-1 009 

-0 564 

-0 563 

1 147 

0 213 

0 199 

-1 009 


-0 653 

1 466 

0 258 

0 251 

-0 710 

-0 4S2 

-0 446 

2 0S6 

0 302 

0 324 

-0 710 

-0 720 

-0 520 

2 718 

0 328 

0 353 

-0 273 

-0 S77 

-0 270 

3 439 

0 364 

0 370 

-0 273 

-0 460 

-0 310 

4 154 

0 374 

0 387 

0 035 

-0 273 

-0 126 

4 776 

0 381 

0 400 

0 035 

-0 316 

-0 148 




0 334 

-0 140 

-0 002 




0 759 

0 019 

0 144 




1 068 

0 118 

0 215 




1 367 

0 212 

0 267 




1 883 


0 321 




2 191 

2 490 

0 302 

0 389 




2 835 

3 143 

0 347 

0 403 




3 442 

0 371 





3 879 

4 187 

0 3S9 

0 410 




4 486 

0 402 

0 411 


ments in sub 3 ectrvel> coloriess fields The data of columns 2 and 5 are shown 
mFig 1 and those of columns 3 and 6 m Fig 2 To separate the measurements, 
the data for red hght arc plotted 0 5 log units lower on the log visual acuity 
axis. 
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It can be seen from these figures that the data with blue hght fall mto two 
distinct curves, one (for the rods) at low mtensities of ill umin ation and one (for 
the cones) at the higher mtensities The data with red hght fall mto a smgle 
contmuous curve with the possible exception of the first pomt at the very low- 
est mtensity 
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Fig 1 The data of A M C with the C test object from Table I, columns 2 and 5 
The lower data (ordinates at the nght) are with red hght The upper data (ordmates 
at the left) are with blue hght The filled arcles are the measurements made with 
the penphery in a subjectively colorless field and represent pure rod funcUon The 
half-filled arcles are the measurements made with the parafovea in a subjectively 
colored field and represent combmed rod and cone function All other circles are 
measurements made with the fovea and represent pure cone function The curves 
drawn through both the rod and cone data are of equation (1) ^vhere m = n = 2 and 
\ isual acuity is proportional to %"■ 

The curves drawn through all the cone data are theoretical and are the same 
ones previously drawn through the cone data with white light These curves 
are graphs of Hecht’s (1937) stationary state equation for the photoreceptor 
process 

KI =■ X"/ (a — x)" (1) 

where I is the mtensity of lUummation, (a- v) is the concentration of photo- 
products, m and n are the orders of the photochemical and thermal reactions 
respects ely, and AT is a constant In the form used here, visual acuity is pro- 
portional to v’* while m and n are both 2 Because the rod data obtamed with 
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blue light are more extensive, a more critical selection of the theoretical curve a 
possible In these figures the curves drawn through the rod data ore the same 
ones drawn through all the cone data. 

Comparison with Fig 1 of the eaxiicr work with white hght (Shlaer, 1937) 
shows that the rod function m blue hght is situated about 1,5 log umts lower on 
the in tensi ty ajls than in white hght. This is m accordance with expectation 
and IS «iimnar to the behavior of other visual functions (see review by Hecht, 
1937) The mtenaity scale is, by definition, that of the cones. Because the 
spectral sensibility of the rods hes further towards the blue end of the spectrum 



Fio 2 The data of EJ*.S with the C test object from Table I columns 3 and 6 
The symbols and curves ore as in Fig 1 


than does that of the cones, a blue hght of a given cone mtenaity will have a 
greater bnghtness to the rods than a white hght having the same cone in- 
tensity This 13 the familiar Purkmje phenomenon Therefore any visual 
function of the rods dependent on mtensity will be shifted to lower mtensitles 
on a cone bnghtness scale when the short wa^ end of the spectrum is used 

With white li^t there exists an mtenaity range at the begummg of the cone 
function where foveal fixation of the test object gives lower visual acuities 
parafoveal fixation (Shlaer, 1937) This was ascribed to the behavior of para 
foveal cones 

We have now studied this phenomenon somewhat more fully by determining 
at each mtenaity of this region the visual acuity first with the more sensitive 
parafoveal region, and then with foveal fixation. The former values appear m 
itahes m the table and m half filled cncles m the figures. 
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It Will be seen that this phenomenon is present m the measurements made 
with blue hght, but is entirely absent m those made with red hght This must 
mean that those values of visual acmty that he above the curves at the transi- 
tion region are mediated by both rods and cones For if they were due only to 
the parafoveal cones, they should appear also m the red hght data, moreover, if 
they were due only to the rods, then these pomts should appear at the same 
mtensity above the rod threshold m both the white and blue light data This 
demands that these pomts he about 1 5 log umts lower on the mtensity axis 
(cone scale) smce that is the amount that the rod curve has been shifted m blue 
hght as compared to its position m white hght Neither of the above two con- 
ditions obtam m these data, on the contrary, these pomts appear only at the 
region of transition from rod to cone fimction It is therefore clear that these 
pomts are the result of the cooperative activity of both the rods which are near 
their maximal activity and the cones whose activity is just beconung apparent 

It has long been known that the bnghtness of a field may be the result of 
simultaneous activity of both rods and cones Thus the lummosity function 
determmed at certam mtermediate mtensities is mtermediate between the 
bnght (cone) function and the dim (rod) function (Koemg, 1891) However, 
this IS the first tune, we beheve, that an mcrease m a visual function dependent 
on brightness has been demonstrated to take place when both rods and cones 
act sunultaneously 

m 

Results wtili the Grahng Test Object 

The measurements with the gratmg m colored hght were made imder some- 
what different conditions than m white hght Because the colored filters re- 
duce the dlummation by a factor of 100 or even 1000, the ground glass sources 
used with white hght were removed and the apparatus was used as for the C so 
that sufficient brightness for maxim um visual acuities was available The 
small central dot used previously as a plane-findmg fixation mark served ade- 
quately at high mtensities but was quite mvisible at low ones To overcome 
this deficiency a rmg of 62 mm outside diameter and 7 5 mm wall thickness was 
mounted on the field lens Such a rmg is visible at the lowest mtensities used 

It was shown (Shlaer, 1937) that for gratmg resolution a pupil less than 2 3 
mm m diameter is the hmitmg factor at maximal brightness m white hght 
This limitation is the result of two factors (1) A repetitive pattern such as the 
gratmg gives rise to diffracted spectra m the plane of the pupil For every 
pomt m the source there is formed an xmdeviated and undiffracted image (zero 
order spectrum) to both sides of which he the different higher order spectra m 
which the deviation is proportional to the wavelength (2) For a lens to form a 
true image of such a repetitive object it must be large enough to transmit the 
entire diffraction pattern formed by it (Abbe, 1873) As the lens aperture is 
made smaller and smaller the unage becomes poorer and poorer until, ivhen only 
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the zero order spectrum alone is transmitted, no discernible pattern at all can be 
detected m the image plane For the human eye m white hght the pupil need 
be only large enough to transmit the zero order spectrum and most of one first 
order spectrum m order that the retina be able to resolve the image Smce the 
red end of a diffraction spectrum is furthest from the undiffracted source image, 

TABLE n 

Vuual JtuUy and IHtunifwUon Graling Tesf Oif/td 


The bold faced atunben represent detenniQatk>Di made In a sobjectively colorless field. 


Red (V - 670 ra^) 

“i mm- popO 

EedOi- 670iD^) 

J cm. pepU 

Blae (X ~490 a^) 
InuLpapO 


Lc^ rlsoal mdtr 


toe vbiul ecnily 


Lo* Tinal senity 


A3LC. 

E-Ut 

pbataoi 

A^C 

KL3, 

pbetoos 

AALC. 


1 

2 

3 

i 

S 

6 




-1 546 


-0 818 

-1 210 

-0 440 

-0 650 

-3 392 

-0 ssa 

-1 007 

-1 243 

-0 566 

-0 652 

-'O 907 

-0 313 

-0 501 

-3 084 

-0 006 

-0 000 

-0 841 

-0 372 

-0 383 

-0 505 

-0 154 

-0 377 

-2 786 

-0 8S2 

-0 836 

-0 522 

-0 226 

-0 193 

-0 186 

-0 073 

-0 225 

-2 269 

-0 764 

-0 738 

-0 219 

-0 106 

-0 118 

0 117 

0 015 

-0 138 

-1 961 

^0 660 

-0 649 

0 193 

-0 OU 

-0 025 

0 529 

0 092 

-0 017 

-1 662 

_0 620 

-0 610 

0 515 



0 848 

0 129 

0 046 

“1 317 

-0 517 

-0 476 

0 815 

0 075 

0 081 

1 151 

0 172 

0 111 

-1 009 

-0 401 

-0 336 

1 466 

0 137 

0 140 

1 802 

0 215 

0 197 

-0 710 

-0 314 

-0 223 

2 086 

0 162 

0 167 

2 422 

0 263 

0 254 

-0 273 

-0 185 

-0 131 

2 718 

0 179 

0 195 

3 054 

0 300 

0 308 

0 035 

-0 101 

-0 064 

3 439 

0 192 

0 209 

3 77o 

0 320 

0 318 

0 334 

-0 017 

-0 009 

4 154 

0 200 





0 759 

0 077 

0 076 







1 367 

0 145 

0 151 







2 191 

0 192 

0 206 







2 835 

0 234 

0 254 







3 442 

0 262 

0 286 







4 187 

0 261 

0 289 


•The values of log / In this col nmn axe those of column 4 to which value 0 A36 It* been 
added. The added value represent* thw logarithm of tlr ratio of the effective pupil areaa 
f e., the actual areas corr ected for effecUvenes* from the data of Stile* and Crawford (1933) 
The difference between the effective and actual area ratio* Is ■mjill, the logarithm of the 
latter being 0A52 


it follows that a larger pupil is necessary to achieve mn-nmnm visual acuity m 
red hght than m any other colored or white bght It will be shown below that a 
diameter of 3 mnu is more than adequate to ehmmate the pupil as a hmiting 
factor even for red hght- For this reason the relation of visual acmty and il 
lumin ation was determmed with both a 2 and 3 mm. pupil m red hght and with 
only a 2 mm. pupil in blue U^t- 

The data arc given in Table II Each value of log visual acuity represents 
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the average of determinations obtamed m three complete runs with the excep- 
tion of the mitial value of column 3 which is the average of only two runs As 
with the white light data, it is possible to plot the observations of both ob- 
servers on the same gnd and to fit them with one curve The only exception is 
the data of column 6 These data were taken durmg an mterval shortly after 
EX S recovered from a severe cold The result is that the entire curve is 
shifted about 0 5 log umts higher on the mtensity axis as compared to his pre- 
vious and also subsequent data, as well as compared to the data of A M C m 



Fig 3 The data of both observers with the grating test object, red hght, and a 
pupil of 2 mm diameter The unfilled circles are for A M C from Table II, column 
2 The filled circles are for ELS from Table 11, column 3 The curve drawn 
through these data is of equation (1) where m = n = 1 and visual acmty is propor- 
tional to x" 

column 5 For this reason all of these data are plotted 0 5 log umts lower on 
the mtensity axis than given by the table 

The data with red hght and a 2 mm pupil are plotted m Fig 3, those with 
red hght and a 3 mm pupd m Fig 4, and those with blue hght m Fig 5 The 
curve drawn through the data of Fig 3 is theoretical and is the same one drawn 
through the cone data with white hght, that drawn through the data of Fig 4 
and through the cone data of Fig 5 is of the same equation but of half the slope 
as that m Fig 3 The rod data of Fig 5 appear about one log unit lower on the 
mtensity axis as compared to those of white hght, but are still too scanty to 
permit of any critical curve fittmg 

It will be recalled that the white hght gratmg data were adequately descnbed 
by the same equation that descnbed the C data, namely. 


KI = a"/ (a — a)”* 


( 1 ) 
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-2-1 O / Z 4- 

Lo^ Reiinal Illumination ^Photons 

Fio, 4, The daU of both observers with the grating tat object, red light, and a 
pupil of 3 mm. diameter The unfilled ordes are for A-hLCX from Table H, column 
S The fill ed cuxIcb axe for E JIS from Table H, column 6, but plotted 0^ log \imta 
lower on the intensity ana than given m the table (sec tcit) The curve drawn 
through the data la of equadon (1) where m • n • 2 and visual acuity b proportional 
to X, 



L<^ Pettna! Illumination —Photons 

Fio 5 The data of both observers with the grating test object, blue light and a 
pupil of 2 mm. diameter The unfilled circles are for A.M.C from Table II column 
8. The filled aides are for EX^ from Table II column 9 All the data below a 
log I value of — U were made In a subjectively colorless field and represent pure rod 
function, those made at hi^cr Intensities were made m a colored field. The curves 
drawn throu^ both sections of the data are of equation (1) where » — » — 2 and 
visual acuity is proportional to 
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where both m and n are 2, and visual acuity is proportional to v" These data 
were taken under conditions where the pupd size was the limiting factor for 
visual acmty The data m Fig 3, where the 2 mm pupd lowers the maYimum 
visual acmty even more because of the red light, are also adequately described 
by the same equation However, when the pupd diameter is ehmmated as a 
hrmtmg factor, as m the data of Fig 4, this form of the equation is qmte m- 
adequate The best fit to these data was given by the form of this equation 
where both in and n are agam 2 but where visual acmty is proportional to ^ 
instead of to Smce « is 2, it means that the latter curve has half the slope of 
the former 

It IS difificidt to beheve that the difference in pupd size can have such a pro- 
found effect on the entire course of this relationship It may be that the small 
pupd affects only the upper part of the data where the visual acmty values ap- 
proach the limit set by it Perhaps the explanation of this apparent effect lies 
along the foUowmg hnes The graphs of the vanous forms of equation (1) may 
be arbitrardy divided for convenience mto an imtial nsmg straight fine portion, 
and an upper turmng-off to an asymptote Since the visual acuity range of the 
gratmg data is qmte small, the first charactenstic is a relatively poorer criterion 
than the second which then is practically the dommant one m curve fittmg If 
the hrmtmg pupd affects only the higher visual acmty values, the data would 
turn off to an asymptote more sharply, givmg a good fit with the steeper curve 
This IS clearly shown m Fig 6 where the data for A M C with the two different 
pupds m red hght are plotted together, those with the 2 mm pupd bemg moved 
shghtly to the right on the mtensity axis to brmg the lower parts of the two 
curves mto superposition 

Visual acmty is, by defimtion, a measure of angular separation Essentially, 
a linear distance is measured The two test objects used m this mvestigation 
differ with respect to the resolvable areas mvolved In the broken circle the 
area is a function of the square of the separation smce both dimensions of the 
gap change simultaneously, whde m the gratmg the area is a Imear function of 
the separation smce the length remains constant If area is the important 
\iariable m detad perception, then the relation of visual acuity (a distance 
measure) to dlummation should be twice as steep for the gratmg as for the 
broken cucle The previous data with white hght (Shker, 1937) seemed to 
show that this relationship of visual acmty and dlummation was the same for 
both test objects The conclusion was then drawn that detad perception was a 
function of Imear distance rather than of area However, if the foregomg m- 
terpretation of the red hght data is correct and it is accepted that the relation of 
visual acuity to dlummation is half as steep for the gratmg as for the broken 
circle, then the pre\aously drawn conclusion must he mvahd 

The curve drawn through the blue cone data m Fig 5 is the same as the one 
drawn through the red 3 mm pupd data m Fig 4 The first three pomts of the 
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colored data in Fig 5 lie above the theoretical cone curve. This may, 
perhaps, mean that here, as with the C, there is a cooperation between rods and 
cones to produce a higher visual function than does either alone, the one log umt 
shift m the rod curve produced by blue hght bemg essential to bring this out. 



Leg /Retinal Jlluminafion '^Photons 

Fio 6 The daU of A.M.C with the grating test object and red U^t, showing the 
effect of a UmiUng pupil upon the relation between visual acuity and niummation. 
The filled arcles are from Thble H, column 2, where the 2 mm. pupU limits the man 
mum visual aauty attainable. The unfilled aides are from Table 11, column 5, 
where the 3 rnm. pupil is no longer Umifang The curve drawn m this figure is of 
equation (1) where m • n — 2 and visual acuity is proportional to x. 

IV 

Faclcn Ltmtimg Maxtmuvi Vwtal AcuUy^ 

It can be seen from the data already presented that at lutenatiea above about 
1000 photons the illumination b no longer a controUmg factor for visual acmty 
What then docs set the limit to the resolvmg power of the eye? Hartndge 
(1922) advocated mtenaity discnnunation of the retina os the limiting factor 
m the resolving power of the ^c. He argued that because of the chromatic 
aberration of the eye and of the diffiraction of the light by the pupQ, the image 
of small objects on the retina is very diffuse, and that unless the object is large 
enough to produce at least a 10 per cent reduction m mtcnsity on a retinal 
element, it could not be resolved This question might perhaps best be dis- 
cussed separately for each of two types of test object (1) a repetitive pattern 
such as the grating and (2) a single object such as the C 

* The data of this section were presented to the April, 1939 meetings of the Amcr 
lean Physiological Soacty at Toronto, Canada. Am J Pkyswl , 1939, 126, 627 
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1 The Grating ~lt was previously shown (Shlaer, 1937) that the intensity 
discrinunation of the retina m the image of a grating composed of equal opaque 
and clear spaces could not be the hmitmg factor, that the pupd diameter, if 
small enough, could be , and that the size of the central cones was the probable 
ultimate hrmtmg factor The gratmg test object diffracts the hght from each 
pomt of the source mto a series of spectra m the same mann er that ordmary 
diffraction gratmgs do, but to a smaller extent because of its coarseness These 
spectra he m the plane of the pupil If the pupd is not large enough to transrmt 
the zero order spectrum and one first order spectrum up to a wavelength of 
about 630 m;i m white hght, no resolvable image is formed on the retma It 
follows that when restricted regions of the spectrum are used m makmg these 
determinations, the long wavelength regions wdl require larger pupils to achieve 
maximum visual acuities, smce the red end of the spectrum hes farther from the 
zero order spectrum 

TABLE m 


The Effect of Color on the Resolving Power of the Eye Grating Test Object 
Pupil Diameter 2 35 Mm Average of Both Observers 


Color 

X m m;i 

Red 

670 

Red 

625 

Orange 

60S 

Yellow 

575 

Wlute 

Green 

535 

Blue 

490 

Violet 

450 

Visual acuity 

1 80 

1 91 

1 99 

2 08 

2 10 

2 14 

2 11 

2 07 

Visual acuity 

Pupd 

diameter 

3 nun 

2 09 

Pupil diameter necessary to raise the red (670 m/i) value 
to maximum is 2 8 mm Such a pupil transmits the first 
order spectrum up to a X of 750 mu at maximum visual acuity 


This corollary was verified m the foUowmg manner With a fixed pupd of 
2 35 mm diameter, just large enough to achieve maximal values m white light, 
the mnyimnm visual acuity for each observer was determmed m light filtered 
through each of the seven “monochromat” filters of Eastman Kodak Company 
m turn ^ The illumination m every case was so high that it was no longer a 
factor The data are presented m Table III, each value of visual acuity bemg 
the average of all determmations of both observers Each determmation is the 
average of eight readmgs, two m each of the four different meridians used with 
the gratmg, and was made at least twice and on different days for each ob- 
server It can be seen at a glance that the expected reduction m visual acuity 
at the red end of the spectrum is realized Maximum values are not achieved m 
hght of longer wavelength than the yellow (X = 575 m/i) 

The maximum visual acuity m the extreme red (X = 670 mp.) is only 1 8, a 
loss of about 15 per cent from the average maximum of 2 1 when the pupd is not 
hmitmg Smce maximum visual acmty is directly proportional to pupd 

^ The authors are mdebted to Dr Joseph Mandelbaum, who assisted in recordmg 
some of these measurements 
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diameter -wheii it is limiting, it follows that an maease m the pupil of 15 per 
cent would eliminate it as the limiting factor Such a pupil is 2 8 mm m 
diameter Using a pupil of 3 mm diameter, we found the maximum visual 
acuity to he 2 09, which is experimentally the same as the expected 2 1 

With white bght (tungsten of color temperature about 2700® K) a pupU of 
2^ mm, gave maximal visual acuities Under these conditions the pupil 
transmits the first order spectrum to about 630 One may consider that 
when the excluded portion of the spectrum fails to mterfere optically with 
certam transmitted radiation, an equivalent brightness is spread o'er the dark 
lines in the retinal image and thus lowers the contrast However, the de- 
terioration of the image on the retina by the c«lu8ion of all wavelengths longer 
thgp 630 m;i 13 just not enough to lower the resolving power of the tyc as set by 
the size of the retinal mosaic and the mtensity discrimination abihty of the 
cones. When the red filter, which absorbs all light shorter than 640 m^, is used, 
a pupU of 2.35 mm. gives a maximiim visual acuity of 1.8 and under these con 
ditiODS the first order spectrum up to a wavelength of about 750 mji b trans- 
mitted The some amount of the spectrum is transmitted when the pupil is 
2.8 mm and visual acuity Is maximal at 2 1 It therefore seems that for the 
normal eye m tungsten light filtered through the Kastman Wratten filter No 
70, the long wave limit of useful light is at 750 

2 TJii C — ^The fact that the relationship between visual acuity and fl 
lummation when the C is the test object is identical with the relationship be- 
tween mtensity dlscntamation and filumination is suggestive that perhaps 
Hortndge s notion b valid for single objects However, the difficulty of com- 
putmg the precise dBtnbution of hght in the image of the C prevents a quanti 
tative evaluation of this idea. 

This led Hecht and Mmtx (1939) to mvestigate this relationship wth a single 
Ime 03 a test object, Th^ found that the mtensity difference m the retinal 
image of their test object, os computed from the diffraction of a 3 mm. pupfl, 
was directly proportional to the si v- of the Une (and therefore to the vBual 
acuity) for the entire cone range, and that the minimum difference that a smgle 
row of cones can detect was of the order of 1 per cent, whidi is very nearly the 
best mtensity discrimination of which the retina b capable They concluded 
that for their test object the intensity discnmination capabilities of the retina at 
ail mtensities determine the visual acuity, and suggested that perhaps the gntp p 
mi^t be true for all smgle objects such as the hoot and broken circle 

It follows that when the visual acuity of the eye Is controlled by the mtensity 
discnmination of the retina, any mcreasc m the mtensity difference m the ret 
mal image will result m a nse m visual acuity Such maeases m the contrast 
can be produced by two mgang (i) homogeneous light which plimmnto^ 
chromatic frmges m the image, and (2) an mciease m the pupil diameter which 
decreases the diameter of the diffraction ardc Preliminary rough measure 
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merits showed this to be true A 4 /t wire at 1 meter cannot be seen m white 
hght with a 2 mm pupil, but can be seen m monochromatic light with a 2 3 
mm pupil 

The effect of improvmg the retmal image of the C by the above means was 
then determmed The data are presented in Table IV Each value of visual 
acuity IS the average of four successive readings and all values in each hori- 
zontal row were taken at one contmuous sittmg It is apparent that no 
improvement m visual acuity results from either monochromatic light or a 3 
mm pupil or both Therefore, the intensity discrimmation of the retina is 
probably not the limitmg factor for the C at maximal mtensities 
A better indication that at the higher intensities the situation with the C is 
not similar to that with the wire is given by the foUowmg experiment A 
half-sdvered mirror was mounted behmd the field lens (F L m the apparatus 

TABLE IV 


The Effect of Puptl Diameter and Color on the Resolving 
Power of the Eye C Test Object 


X (nv) 

670— Red 

575— Yellow 

White 

490— Blue 

Pupil diameter, mm 

2 

3 

2 

3 

2 

3 

2 

3 

Visual acuity 

2 56 




2 54 


2 56 


(ELS) 

2 56 

2 51 



2 55 

2 56 

2 52 

2 48 

Visual acuity 

2 78 


2 76 


2 78 


2 79 


(A M C) 

2 76 

2 73 



2 78 

2 79 




diagram, Fig 1, Shlaer, 1937), as viewed by the observer, and at 45° to the 
optic axis of the instrument An auxiliary lamp, lens, and neutral wedge were 
then mounted at right angles to the optic axis of the instrument so that an image 
of the auxihaiy source was formed at the pupil of the mstrument by means of 
the auxiliary and field lenses The illummation of the center field as viewed 
by the observer tluough the pupil consisted of two superimposed parts, one 
from each of the two sources By diaphragmmg opposite halves of each of 
these two beams at the mirror it became possible to adjust the brightness of 
them to equality m a photometric match by means of the wedge The bright- 
ness of the central field when these half field diaphragms were removed consisted 
of two equal parts, one from the regular instrument and the other from the 
auxiliary equipment 

When a test object is mserted m the regular manner and viewed through the 
pupil, it becomes equivalent to having a test object whose brightness, instead 
of being zero, is exactly one-half the total field brightness In other words, it 
IS like a test chart m which the letters are prmted m light grey mk havmg a 
reflection factor of one-half that of the white card background In the retinal 



s, SHLAKR, E. L. SUTTH, AND A. IL CHASE 


567 


image tins is equivalent to reducmg the intensity disc nm i n ation fraction by 
somewhat more than half Suppose that the situation on the retina when only 
the rnam instrument light is on is as follows the mtensity on a cone m the 
general field is 50, the mtensity on a cone in the image of the orcle is 40, and 
the mtensity on a cone m the image of the break m the circle is 45 The dis- 
cnmmation ratio between the break and the rest of the orcle is 5 parts m 40 
When the auxiliary lamp is turned on, the intensity of the field becomes 100, 
that of the circle, 90, and that of the break, 95 The ratio now is 5 parts m 90 
which 13 less than half the previous fraction The smaller the disc nm i n ation 
fraction, the nearer the second ratio is to half the first 

If Tnn-nmftl visual acuity at the highest mtensities is determined by mtensity 
discnmination for the C as it is for the single Ime, then the maximum visual 


TABLE V 

Tkt Effcd of DUxUxng Um Conlrast of tk4 Test Okjtci mi ik* 
Ruottini Puw€T of tiu Ey* C Ttsl Object 


Color 

Test object 
biichtneM 
ti per cest 
ol field 

PapO 

EL.S. 

A.M C, 

VUual 

•nii7 

Loa la 

▼Inl 

kcnity 

Vboil 

unity 

Loo b 

vifittl 

unity 

Vl«tl 

oadly 

Lou lo 
Timil 
unity 



■a. 


ccai 


y<f unt 


Metui 

White 

0 

2 

2 59 

0 0 

2 62 

0 0 

2 59 

0 0 

White 

SO 

2 

2 39 

7 7 

2 31 

11 8 

2 24 

9 7 

White 

50 

2 



2 31 

11 8 



Blue 

50 

2 

2 39 

7 7 

2 31 

11 8 



Yellow 

50 

2 

2 47 

4 6 

2 33 

11 1 



Yellow 

50 

3 

2 46 

5 0 

2 46 

6 1 




acuity should fall to half when this haJF field bnghtness test object is used An 
examination of the data in the first two lines of Table V will show that such a 
not the case, a maximum drop of only 12 per cent having occurred Each 
datum of Table V is the average of four successive determinations, and the data 
m each column were taken during a smgle contmuous aittmg 
When a drop m maximal visual acuity occura as a result of the diluted test 
object, visual acmty must be limited by the mtensity discnmination of the 
retina The visual acmty should then be improved b> the an me two means, 
n a m el y , homogeneous light and a larger pupil, that unprovc the resolution of 
the eye for a wire. The bwer portion of Table V records the effect of these 
two variables. These measurements were made with only EX.S as observer 
on 2 different days. It is apparent that the larger pupil alone is without effect, 
that monochromatic blue hght alone is also without effect, but that the com 
bmaboa of monochromatic yellow light and large pupil has a large effect, raising 
the visual acmty almost half way to normak The measurements with yellow 



SOME PROPERTIES OF CRYSTALLINE GUINEA PIG 
HEMOGLOBIt^ 

By SAM GRANICK 

{From the Laboraloncj of Tho Rjick^eUer Insltiule for ifedtcal lUstarci) 
(Received for ptihbcatioQ, November 11, 1941) 

Several lines of evidence lead to tlie conception of wet protein crystals as 
made np of protein molecules with interstices between them that are large and 
filled with loosely held solvent molecules Some of the evidence leading to 
this conclusion may be briefly summarized (a) the high water content of 
protem crystals, early noted by Sorensen (1), who estimated that over 20 
per cent by weight of egg albumen crystals is water, {b) the ease of water loss 
under ^lightly diminished aqueous tension as observed by Katz (2) , (c) the 
change m density when suspended m solutions of different osmotic pressures 
as studied by Adair and Adair (3), (d) the staining of protem crystals with 
dyea, (tf) x ray data on wet pepsin crystals, from which Bernal and Crowfoot 
(4) infer that the proCeia molecule are relatively dense globular bodms sep- 
arated by relatively large spaces which contain water 
We wish to present further evidence m support of this idea, and also to de- 
scribe several other properties of crystalline guinea pig hemoglobin 

I 

Action of KiPe{CN)t on Crystalline Oxyhemoglobin — When a suspension of 
crystals of guinea pig oiyhcmogiobm is treated under the microscope with 
K*Fe(CN)i solution, the red crystals are observed to become yellow-Iirown 
while the crystal shape remains intact (Other oxidizing agents of high poten 
tial such as quinone or KMnO< also bring about this change in color ) With 
the Abbe rmcrospcctroscope the yellow brown color of the crystals was identi 
fled as Mth ‘ This experiment suggested that femeyamde was penetrating 
into the crystal to react with the iron m HbOj 
In order to determine whether all of the HbOj in the crystals could be con 
verted mto Mth, a quantitative study with Warburg manometers was made 
of the Oj released when HbOi is acted upon by femejumde Freshly prepared 

^ Abbrcvlatious used 

Hb - ferrous hemo^bln 
HbOi — ferrous oxyhemo^bm 
Mth — ferri bemoglobm, or methemo^obm 
571 
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washed crystals of guinea pig HbOo were suspended in m/30 phosphate buffer 
pH 7 0 and carefully pipetted mto Warburg vessels that had two side arms con- 
taining the ferricyamde The ferncyamde was added m two successive por- 
tions The first portion, 0 05 cc , was sufficient to theoretically react with only 

TABLE I 

Recovery of 0^ Released by Ferruyamde from Crystals of HbO% 

Each vessel contained 2 0 cc of HbOa crystals* suspended in ai/ 30 Sffrensen’s PO4 buffer, 
pH 7 0 at 29 8°C (1) The dry weight of HbOa per cc of suspension is 0 0493 gm = 66 
c mm O2 when quantitatively converted mto methemoglobm with ferncyamde If recovery 
of O2 IS 100 per cent then 0 100 cc of 0 05 m B:3Fe(CN)6 should release 112 c mm O2 from 
HbOs 


Vessel No 

0 os u KiFe(CN)« added 

Oj produced 

Recovery of Oi 



u 


c mm 

per cent 

1 

0 05 


54 6 


97 3 


0 10 

0 IS 

72 6 

127 2 

96 3 

lA 

0 05 


51 8 


92 5 


0 05 

0 10 

53 0 

104 8 

94 0 

3A 

0 30 



133 

100 

SA 

0 05 


54 6 


97 5 


0 20 

0 25 

82 6 

137 2 

105 

7 

0 05 


53 0 


94 6 


0 20 

0 25 

81 4 

134 4 

102 

8 

' 0 05 


57 4 


102 5 


0 20 

0 25 

78 0 

135 4 

102 

lA' 

0 20 


135 0 


102 


I -t- Veronal sodiumt 

135 0 


102 


* The uniforrmty of pipettmg the crystal suspension mto Warburg vessels gives nse to a 
maximum error of 2 per cent, as shown by the dry weight of three samples of HbOs suspen- 
sion pipetted under the same conditions 0 1190 gm , 0 1220 gm , 0 1181 gm 

1 0 20 cc of a saturated sodium veronal solution was added from the side arm to make the 
solution suffiaently alkahne to dissolve the crystals It is seen that no additional oxygen is 
recovered when the hemoglobm is m solution 


42 per cent of the total ovyhemoglobin It is seen from Table I that this 
reaction was quantitative and corresponded stoichiometricaUy to the amount 
of ferncyamde added From Table H it is seen that 85 per cent of the result- 
mg Mth was m the crystalhne state at the end of the experiment Therefore 
the ferricyamde molecules must have penetrated the crystals and reacted with 
all the prosthetic groups of oxyhemoglobm Considenng the size and shape 
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of our crystals, this would mean that some molecules of femeyamde in order to 
get to the center of the crystals would have had to penetrate a distance equiva 
lent to the diameter of 1,500 hemoglobin molecules The conclusion is obvious 
that there must be interstices m the crystals large enough to permit the move 
ment of femeyamde mto them 

The speed of free diffusion of femeyamde as calculated from the Stokes- 
Emstem equation imdcr the conditions of our eapenment is approximately 
4 X 10~‘ cm per second It was calculated that if the crystal offered no ap- 
preciable resistance to diffusion of femeyamde, the whole journey through 
bqmd and crystal would take the maximum time of 2 to 3 seconds The 
time expermoentally detenmned m the manometer for complete 

TABLE n 

SolubilUy oj tks Crystals Vtti al Z9J*C 

To each of two ceotilfuge tabes with cookai cods &dd 2^ ca HbOa oyvtal nupe&sion in 
u/30 K )4 buffer pH 7X1 To tube 1 add 0^ cc. HjO to tube 2 add (X2 cc. of 0 05 u EiFe 
(CN)a« These axe kept at 29^ for 2 hoata. They are then ctatrifvijcd tharply the toper 
natut hqtxid decute^ ood adhering Hqold wjp^ away Tube I now coaiaia« crytUh of 
HbOt tad tube 2 cootabs cryttab of Uth. The cryttali were wtdghed wtt, then dried 
at 110*C to coMtant weight 


TidMNd 

I 

Sfr vdebt ol Bb 
la jTet. 

1 W«L(btofa7tuUfcitad(cutJB< 


Wh 

nnr 

Um »uU' ~ 

i 1 

01227^ 1 

0 2874 1 

0 tm I 

j prrttai 

■ S9 

2 1 

i 0 1227 1 

1 0 2790 1 

0 1053 1 

85 


release of Oj was 2 to 3 minutes. Undoubtedly a considerable portion of this 
time is due to the slowness of equBibratioa between gas and liquid phase m 
the manometer vessels If the ferru^mde ions are to diffuse somewhat readily 
into the crystals of oxyhemoglobm the mtersUccs must be at least 1,5 to 2 0 
times the diameter of the Ion, or from 6 to 10 A 
Let us assume that the hemoglobin molecules are spheres and that they arc 
arranged m closest hexagonal packing It ma> be readily calculated that the 
volume of space between the spherical molecules occupies about 25 per cent of 
the total \olume of the cube, or if filled with water this would mean that 25 
per cent by volume or 20 per cent by weight of the wet crystal is water These 
are, of course, mlmmum figures based on the assumption of closest packing 
and spherical molecules. The distance between the spheres would be ju$t 
sufficient to permit femeyamde movement mto the spaces. It ma> be pre 
dieted that optically isotropic protem crystals will be found to contam at least 
this amount of loosely held water between the molecules 
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Preparations Used 

The tetrahedral crystals of Hb02 were prepared from guinea pigs, bled by heart 
puncture mto warm sodium atrate solution The blood was washed twice with 
warm isotomc sahne by centrifugation To lake the cells three volumes of water were 
added to one of packed cells Crystals started to form at once The laked blood 
was kept at 37°C for 2 hours m a 2-mch thick layer m a beaker and then centrifuged 
slowly for a short time In this way only the large crystals are deposited, the super- 
natant solution bemg discarded The crystals are suspended m water and centn- 
fuged slowly, the process bemg repeated two more times The crystals thus prepared 
were kept under a thin layer of water at 1°C overmght The next mommg 10 cc 
of the packed crystals were added to 45 cc of Sorensen buffer (m/15 in phosphate) 
pH 7 0 and the suspension finally made up to 90 cc with water These guinea pig 
HbOi crystals were found to be practically free of catalase activity 

Mth was prepared from HbOo crystals by treatment with a shght excess of fem- 
cyamde and subsequently washmg the crystals three times by means of centrifuging, 
and then dialyzmg them against water for 24 hours A solution of Mth was then 
prepared by making the cold suspension shghtly acid with dilute acetate buffer and 
bnngmg the solution to neutrahty with m/15 disodium phosphate 

n 

Location of the Prosthetic Groups — A. corollary of the quantitative oxidation 
of the hemes by ferncyamde appears to be that the heme groups are on the 
surface of the globin molecules, otherwise one would have to assume penetra- 
tion of ferncyamde mto the molecules The latter is made unlikely because 
of the closeness with which the peptide chains are packed withm the molecule 
Musky (5) has offered this juxtaposition of peptide chams as an explanation 
for the non-detection of — SH groups m some native proteins by means of 
ferncyamde The data presented m Table I show that the hemes react quan- 
titatively with the ferncyamde added If some ferncyamde had oxidized 
— SH groups before it oxidized the heme groups then a lower O 2 production 
per ferncyamde molecule would have been expected For example, assuimng 
only one free — SH group reactmg per hemoglobm molecule, one would expect 
to recover only 75 per cent of the O 2 

In addition to bemg localized on the surface of the globm, the four hemes per 
globm must be facmg the spaces between the molecules, or m other words, the 
hemes are not the pomts of closest contact between the molecules 

HI 

Further Evidence of Permeability of HbO% Crystals — Hydrosulfite (Na 2 S 204 ) 
may also be shown to penetrate the crystal of Hb 02 removing the oxygen and 
producmg Hb This becomes evident by dimmishmg the solubflity of Hb 
with ammonium or sodium sulfate When Hb02 crystals were suspended m 
50 per cent saturated ammonium sulfate and hydrosulfite added, the crystals 
could be seen to turn violet under the microscope and the Hb band became 



SAU GHANICK 575 

Visible at the tune that the HbO* bands vanished m the micro spectro- 
scope. These violet crystals go mto solution within a few minutes If the 
concentration of anunomum sulfate is increased to near satuAtion many of 
the purple crystals do not dissolve 

The staining of protem crystals with dyes may also represent penetration of 
the dye molecules into the crystal spaces Several dyes in aqueous solution 
were added to HbO* crystals and eiammed microscopically Due to the m 
tense color of the crystals it is difficult to judge their penetration Crystal 
violet, however, stamed the crystals mtenscly but not methyl greem Catalase 
prisms and plates were better objects because of tbeir negligible color (6) 
Methylene blue and toluidme blue stamed them faintly, crystal violet very 
strongly, and methyl green very £ainU> If the dye concentration, is properly 
chosen the crystals will become deeply colored and the solution colorless The 
staining is not merely a surface adsorption smee thicker crystals take up a very 
much deeper stam than thinner ones. 

tv 

r/w Rdatne SolubUtties of H6, EbCk, and Mth — HbO*, as isolated from 
guinea pig blood is rather insoluble at room temperature. A suspension kept 
in 11/30 POi bufier, pH 7 0, for 1 day at 1°C and then for 3 hours at 30® was 
89 per cent m the crystalline state. Mth is slightly more soluble, 85 per cent 
remaining m the crystalline state under these conditions. Hb, however, is 
very soluble at this pH 

When crystals of HbOj are watched under the microscope, as hydrosulfite 
diffuses to them, they are seen to melt away rapidly while still retaining their 
tetrahedral shape At the same tune the Hb band becomes visible A thick 
suspension of BffiOi crystals is a muddy red brown When treated with hydro- 
sulfite It becomes a clear deep purple, on shaking with oir it gradually becomes 
red, then cloudy, and begins to deposit crystals all withm 1 to 2 mmutes. Here 
13 an example then, of on aggregation and dissolution brought about by the 
mere addition or removal of oxygen. 


v 

The OrBbOi Equiltbnum tn CrystcUtne BbOj — The removal of Oj from a 
solution of HbOi may he readily accomplished by lowering the pressure of O* 
Under our conditions of evacuation from a Thunherg tube with on oil pump, 
It required less than 2 mmutes to completely convert the dilute HbOj solution 
to Hb However, if a suspension of HbOi crystals is treated in the same 
manner as the HbOi solution then no appreciable Oa can be removed e\ca 
after 15 mmutes of constant pumping, although the pressure ^as 15 mTTi, to 
5 mm. of mercury (decreasing as the temperature of the suspension decreased 
due to evaporation) 

The foUowmg cipcnments show that the oxygen of HbOi crystals can be 
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removed only by considerably decreasmg the oxygen tension (a) Bubblmg 
either H 2 or No gases (free from O 2 ) through a suspension of HbOo crystals 
at 30° for 20 to 30 mmutes completely converted them to Hb solution (b) 
Removal of O 2 by hydrosulfite Hb 02 crystals m m/1S PO 4 buffer pH 7 were 
placed m a Thunberg tube and evacuated A mmute amount of hydrosulfite 
was then added from a side arm Withm 1 to 2 mmutes the suspension became 
a solution of Hb The pH after the experiment was 6 9 (c) Removal of 

Oo by activated hydrogen A suspension of Hb 02 crystals m the presence of 
traces of methylene blue or catalase was treated with H 2 + colloidal Pd 
Withm 1 to 2 mmutes this suspension had been completely converted to a 
solution of Hb (d) Replacement of O® by CO A suspension of Hb 02 crystals 
was treated with pure CO gas for 5 mmutes The CO replaced the O 2 m the 
crystals without changmg theur shape, since on the addition of a small amount 
of hydrosulfite no Hb results and the crystab remamed mtact On the addition 
of a large excess of hydrosulfite, the crystals began to dissolve very slowly and 
unevenly, this being due to a decrease m pH 
The firmer bmdmg of O 2 m Hb 02 crystals, as contrasted to Hb 02 m solution, 
may mdicate that the coordmation of the molecule m the crystal has diminished 
the competition of other groups than O 2 for the iron The Hb 02 crystals can 
be readily dissolved, away from the isoelectric pomt, and m the dissolved state 
the Hb 02 molecules readdy give up their oxygen on diminishing the 02 tension 
The firm bmdmg of O 2 m Hb 02 crystals would obviously prevent hemoglobm 
m the crystallme state from functionmg as a readily reversible oxygen carrier 

VI 

Action of EfDi on HbOi — The crystals of HbOa of the gumea pig, crystalhaed 
once, are practically free from catalase On addition of a few drops of 0 5 
per cent H 2 O 2 to a suspension of HbO" crystals, the two pro m i n ent bands at 
578 and 540 become famt, the 578 band appears to broaden, spread out to 
590, and is relatively stronger than the 540 band, while the original crystallme 
shape remains imchanged This compound has the same absorption bands as 
that of H 202 -methemoglobm solution first described by Keihn and Hartree (7) 

VII 

Action of Activated Eydrogen on Mth — Methemoglobm either m solution or 
m crystallme suspension at pH 7 0 m PO 4 buffer is very slowly reduced by ac- 
tivated hydrogen Mth plus a trace of catalase and caprylic alcohol was 
bubbled with hydrogen for 3 mmutes and then 2 drops of colloidal Pd added 
The bubbhng was contmued for 15 mmutes durmg which time only traces may 
have been reduced as observed spectroscopically m comparison with the control 
This slow mteraction may be partially explamed by the fact that we are 
deaUng with two colloids If a trace of methylene blue or rosmdulm GG is 
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added to the Pd H* solution containing Mth plus a trace of catalase, then 
reduction to ferrohemoglobin is complete in 1 minute m the case of the solution, 
pnd reduction and solution of Mth crystals is complete in 2 to 3 mmutes The 
methylene blue molecules bemg small and reversibly oxidized act as mter 
mediator between the two oiUoids 

This la in agreement with the fact that also the electron exchange between 
hemoglobm and the bright Pt electrode is so sluggish that potentials are only 
poorly established 


vm 

The Action of Activated Hydrogen on BbCh — One of the mtermediates prO' 
duced m the reduction of Oi either as such or m the form of HbOi, by activated 
Pd Hj IS HtO* This may be shown by the following expenmenL HbOj 
either m solution or as crystal suspension in PO* buffer pH 7, was treated with 
Pd Ha Within 45 seconds a band at 630 m;i had arisen and also the HjOr* 
Mth bands bad appeared The 630 band was identified as Mth by fonmng 
the Mth NaF compound. If a trace of catalase is added to the HbOa solution, 
then Pd Hj added the Hb is formed withm 1 minute and m the case of the 
cryatallme HbOi, removal of Oj and solution of crystals occurred m 1 to 3 
mmutea No Mth band was observed 

Instead of using catalase to destroy the HtOj, a trace of methylene blue was 
used with identical results. Within 3 seconds after PdHt was added, the dye 
was decolonxed and withm 20 to 40 seconds the HbOs bands had vanished. 
Methylene blue may act here in three ways. Its reduced form may be oxidized 
by HtOi thus destroying some peroxide, it may act on any Mth that might have 
arisen from the action of peroxide on Hb, and it may react with the mmute 
amount of Oj in solution 


SUUUAaY 

1 Gumea pig hemo^obm crystals are shown to be readily permeable to 
femeyanide and hydrosulfitc, mdicatmg the presence of mterstices between 
the protem molecules of the crystal 

2 The assumptions of closest hexagonal pactmg and of spherical molecuks 
of HbOa lead to a crystal lattice havmg mtcrsUces between the molecules which 
represent 25 per cent by volume of the crystal These spaces would be just 
large enough at their narrowest junctures to permit femeyanide ions to diffuse 
through them. If these spaces were filled with water, then 20 per cent by 
weight of the crystals would be water 

3 The hemes are on the surface of the globm and are arranged faong the 
mterstices between the molecules of the lattice 

4 The bmdmg of O, m HbOi is strongs m the crystal lattice t han in sola- 
tion 



578 


PROPERTIES OE CRYSTALLINE GUINEA PIG HEMOGLOBIN 


5 Hydrogen, activated with colloidal palladium, will not reduce ferrihemo- 
globm ei-cept m the presence of a redox dye 

6 In the reduction of O 2 by activated hydrogen, H 2 O 2 can be demonstrated 
by the formation of the H 202 -ferrihemoglobm spectrum 
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THE PHOTOSYNTHETIC EFFICIENCy OF PHYCOCYANIN IN 
CHROOCOCCUS, AND THE PROBLEM OF CAROTENOID 
PARTICIPATION IN PHOTOSYNTHESIS 

By ROBERT EMERSON amd CHARLTON IL LEWIS 
(From Pu Comogto Insitiuiuin oj Wtuktng^y Jhmsum of PlctU Butlocff Stanford 
VntxtrtUy) 

(Recaved for publkadon December 11, 1941) 

I 

CTilorophyll m plant cells is regularly accompanied by other pigments For 
many years there has been spccnlataon as to whether the light absorbed by 
these so called accessory pigments IS utilued for photosynthesis Engelnunn^s 
skillful eipenments (1883) on algae of various colors, with motile bactena as 
an mdicator of photoaynthetic activity, have been the basis of a general belief 
that the bght absorbed by certain accessory pigments (particularly fucoxan 
thm, phycociythrm, and phycocyanln) is available for photosynthesis This 
behef, although entiaxed by some who obtained conflicting evidence, has been 
strengthened by photosynthesis measurements with technique allegedly supe- 
rior to that of Engflmann {cf Harder, 1923) But a critical examination of 
both early and later work on this subject shows that the evidence is mcooda- 
sivt, chiefly because the relative amounts of light absorbed in different wave 
lengths were not established- Companson of the photosynthetic activity m 
diSareat Trap’s lengths can be decisive in csi^hhshms the part played by acces- 
sory pigments only if the absorbed energy m each wave length is known- Re- 
cent attention to the problem of the quantum yield of photosynthesis has 
resulted m development of techniques well siuted to investigation of the activity 
of accessory pigments- Ilutton and Manning (1941) have compared light 
absorption and photosynthetic activity m the diatom Nitsschia closimum m 
different parts of the spectrum, and found good evidence that the energy ab- 
sorbed by the carotenoids, especially fucoranthin, is used m photosynthesis 
Recent measurements of the quantum yield of phototynthcsis for vanous 
speaes of algae (Emerson and Lewis, 1941, p 803) gave strong indication that 
the phyco<yamn of the blue-green aJga Ckroococcus is active m photosynthesis. 
These measurements were all made m sodium hght, X •» 589 rap In the green 
al^e, practically all the absorbed energy of this wave length is absorbed by 
chlorophyll but m the case of Chroococcus the ph> cocyanin is responsible for a 
large part of the total energy absorbed Smcc the quantum yield for CAroo- 
coccus photosynthesis was in good agreement with the yields for green algae 
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it seemed probable that the energy absorbed by phycocyanm must be avail- 
able for photosynthesis In the present commumcation we report more con- 
clusive evidence that this is the case The energy absorbed by phycocyanm 
IS used for photosynthesis with an efficiency closely approximatmg that of 
chlorophyll Our results give slight indications of photochemical activity on 
the part of the carotenoids as well, but it appears that any photosynthetic 
yield from hght absorbed by these pigments must be relatively low 

n 

Material and Experimental Methods 

The alga, a small species of Chroococcus, was obtained in pure culture from C B 
van Niel of Stanford University The cells are about 2 5 to 3 /i in diameter (some- 
what smaller than Chlorella) They are encased in a gelatinous sheath about half 
as thick as their own diameter In spite of the sheath, cultures grow without senous 
clumping, and an moailum of 5 c mm cells in 200 ml of culture medium produces 
a growth of about ISO c mm cells in from 5 to 7 days, at a temperature of 30°C 
The cultures are grown m contmuous hght from four closely spaced 60 watt in- 
candescent lamps at a distance of 20 cm from the bottoms of the culture flasks 
The composition of the culture medium is as follows 
per hter glass-distiUed water, 


MgSOi 7 HaO 

0 

25 

gm 

KH 2 PO 4 

1 

00 

({ 

KNO 3 

1 

00 

a 

NajCOg (anhydrous) 

1 

50 

<t 

Ca(N 03)2 

0 

025 

(( 

NHiCl 

0 

050 

ii 

Fea(S 04)3 

0 

004 

C( 


Manganese, boron, zmc, copper, and molybdenum were added from a solution of 
their salts, to give concentrations of 2, 1, 0 05, 0 01, and 0 01 parts per milhon re- 
spectively 

The cultures fail to grow if sodium or calcium is omitted from the medium The 
addition of large amounts of potassium seems to be unnecessary Successive cul- 
tures have been grown in the above medium with sodium salts substituted for both 
the potassium salts, and with amounts of potassium running from 1 to 10 parts per 
imlhon Growth is poor if potassium is omitted altogether, but as httle as 1 p p m 
is sufficient to support culture growth as well as does the control medium prepared 
with potassium salts 

The dry weight of 100 c mm of Chroococcus cells is about 10 5 mg , as compared 
to a correspondmg value of about 20 for Chlorella pyrenoidosa The lower dry weight 
of Chroococcus is probably due to the geiatmous sheath surrounding the cells, which 
prevents them from packing as closely as Chlorella cells, so that a cubic millimeter 
of cells represents a smaller amount of cell matenal in the case of Chroococcus Cell 
counts showed about 4 X 10^ Chroococcus cells per c mm of centrifuged volume, as 
compared to about 2 3 X 10^ for Chlorella 

For measurements of photosynthesis, the cells were centrifuged out of their culture 
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medium and rauspcnded m freshly mixed carbonate buffer (85 parts il/lO bicar 
booate to 15 parts u/10 carbonate) In prepann^ this mixture for experiments 
vnth Ckroowcus, it was necessary to use sodium, or part sodium and part potassium 
salts If the mixture ms made from potassium carbonate and bicarbonate, as is 
the usual practice for CMlertUa, the CJfrtn>acctts shovred a rapid decline In both photo- 
synthesis and respiiahom We made a practice of mmng sodium bicarbonate and 
potassium carbonate for the measurements with CkrooMxus In this mixture the 
maintained fairly steady rates of respiration and photosynthesis for 2 to 5 
hours The proportions of the two constituents axe less cntlcal than for CUloreila 
CkrtkJCiKais ^otosynthesis at bght saturadon seems to be relatively independent 
of carbon dicmdo concentration, even down to quite alkaline carbonate mixtures. 
Efforts to measure photosynthesis m aad phosphate media were unsuccessful, ap- 
parently because the photosynthesis of CkroocMxus was inhibited by the low pH. 
The inhibition was reversible on returning the cells to carbonate mixture. 

Rates of photosynthesis were based on manometne measurements of rate of 
pressure change during the second 5 minutes of alternate 10 minute penodi of light 
and darkness. The buffering capaaty of the carbonate mixture maintains a constant 
partial pressure of carbon dioxide, so the rates represent oxygen exchange alone. 
Most of the measurements were made at 20*C, The manometer and the general 
tcchmque of mufaog the measurements have already been described (Emerson and 
Lewis, 1939} Measurements were made with both thick and thin ceB suspensions. 
The thick suspensions were dense enough to absorb all the madent light, so that a 
measurement of the ioadent intensity alone sufficed to establish the amount of light 
absorbed The thm suspensions absorbed only about half of the madent light 
The amount absorbed was determined immediately after the photosynthesis measure- 
ments using the same cell suspension bght beam, and monochromator settings. 
For the measurement of light absorption, a sample of the suspensioa was transferred 
to an absorption cell of the same thickness (1 4 cm,) as the depth of the layer of cell 
suspension used m the manometer vessel for the photosynthesis measurements. 
(The effect of local irregulantiei m the depth of the cell suspension due to the rotary 
shaking of the manometer vessel was neglected.) The side walls of the absorption 
were of brass ruckei-plated on the inside to reffcct scattered bght. The mtensity 
transmitted was measured by a photronlc cell the active surface of which was larger 
than the back window of the absorption edk The distance between active surface 
and absorption cell window was less than a millimeter Thus even Lgbt which had 
been scattered through a cooslderahle angle was regutered by the photromc cell 
at nearly its full value. The madent intensity was measured as usual, as that 
transmitted by a similar absorption cdl filled with water instead of cell suspensbn 

Measurements of photosynthesis and bght absorption were made in various 
wave length bands isolated from the light of a 1000 watt tungsten filament lamp 
by means of a lorge-apcrturo grating monochromator For measurements of photo- 
synthesis m the red region of the spectrum, bonds were used whose half width. In 

^The monochromator was constructed with the aid of a grant from the National 
Research CemnaJ, and with valuable help and advice from memben of the staff 
of the Mount Wilson Observatory Details coaceming the construction and light 
output of the monochromator are being prepared for pubhcitlon elsewhere. 
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eluding nearly 75 per cent of the total energy, was from 6 to 10 m^ In the blue, 
because of the lower output of the lamp, wider shts were used, giving band half-widths 
of 15 to 20 m/i Spectral impunty due to scattered hght from the vanous optical 
surfaces, prmcipaHy that of the gratmg, was reduced by means of glass color filters 
which transmitted only the region of the spectrum close to the hne for which the 
monochromator was set Scattered hght outside the band transnntted by the 
monochromator probably never exceeded 5 per cent of the total energy of the beam 
For the quantum yield measurements, the entire hght beam emitted by the mono- 
chromator was allowed to fall on the assimilatmg cells, or was concentrated on the 
sensitive surface of the bolometer for measurement of the energy received by the 
cell suspension This was a modification of our former technique (Emerson and 
Lewis, 1939), m which only a small sample of the hght beam was used for the energy 
measurements 

We gratefully acknowledge the cooperation of H H Stram in the extraction 
and separation of the vanous pigments, and m measimng the absorption of the 
extracts The chlorophyll and carotenoids were extracted from the fresh, unground 
cells with methanol, transferred to ether, and the ether solution diluted with ethanol 
The separation of pigment components and the determination of absorption spectra 
of the total extract m ethanol and of the chlorophyll and carotenoid fractions were 
earned out according to techmque previously desenbed by Stram (1938, pp 125- 
132) The tune allowed for saponification of the chlorophyll was 20-30 mmutes 
The phycocyamn was obtamed m water solution by gnndmg the cells with sihcon 
carbide (“crystolon”) m a glass mortar at 0°C , preapitatmg twice with saturated 
ammomum sulfate, and redissolvmg the blue pigment by washmg through a filter 
with distiUed water 

When the carotenoids of Chroococcus were adsorbed on a sucrose column, the 
xanthophylls appeared to differ markedly from those commonly found m extracts 
of higher plants, and also in extracts of Chlorella The carotenes, on the other 
hand, were apparently s imila r to those ordinarily encountered m leaf extracts The 
unusual character of the xanthophyll-hke pigments of the Cyanophyceae has been 
noted by several investigators (for example Tischer, 1938, and others cited by him) 
Unfortunately, m our work on Chroococcus not enough attention was devoted to the 
carotenoids to enable us to compare them with pigments isolated from related speaes 
by other mvestigators 


m 

EXPERUIENTAL 

The pecuhar usefulness of the quantum yield as evidence concernmg the 
part played by accessory pigments is that measurements of both photosynthesis 
and hght absorption are mvolved In different regions of the spectrum, the 
vanous plant pigments absorb different proportions of the total absorbed 
radiation If some components are photochemicaUy mactive m photos 3 Tithe- 
sis, then the observed quantum yield for the total radiation absorbed by all 
the components will vary with the wave length A comparison of the wave 
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length dependence of the observed quantum yield with the fractions of total 
absorbed hght which are absorbed by the different components may be ex 
pected to show which pigments are photochemically active in photosynthesis, 
and what are their relative activities This reasoning implies the assumption 
that the yield for the fraction absorbed by any one pigment is mdependent 
of wave length over the range under conaideratiom This assumption will be 
discussed presently 


AbsorpitCH Measurements 


Direct measurement of the fraction of light absorbed by the various pigment 
components m the mtact cell is not possible, but we have evidence that a 
fairly close estimate may be made from the absorption curves of the extracted 
pigments- Figs 1 and 2 show the extent of the disciepanaes between the 
absorption characteristics of the extracted pigments and of the mtact cells 


Fig 1 shows the absorption spectra (plotted as log 



of the three pigment 


components of Ckroococcus — chlorophyll, carotenoids, and phycocyamn The 
sohd curve represents the absorption of the total alcohol-soluble pigments, 
consisting of chlorophyll and carotenoids wtbout phycocyamn. After sapon 
ificatiou and removal of the chlorophyll fraction, the absorption of the 
carotenoids was measured- This is plotted as a broken line. The dotted Ime, 
calculated from the difference between the absorption of the carotenoids and 
that of the total extract, represents the absorption due to chlorophyll From 
570 to 700 mp, where there is no absorption by carotenoids, the curve for 
chlorophyll la identical with the sohd hne for the total alcohol-soluble pigments 
The absence of any maximum in the chlorophyll curve at 458 mp., and the lack 
of apparent asymmetry in the red absorption band show that no appreciable 
amount of chloroph>ll 6 is present. The absorption curve for phycocyamn 
dissolved m distilled water is shown by the curve drawn with alternating dots 
and dashes. The tnan^es are the observed points for our pigment, and the 
crosses are taken from the curve of Svedberg and Katsurai (1929), adjusted 
to grve agreement with our curve at the maximum The nearness of these 
pomts to our curve is evidehce of the identity of the phycocyanin from Chro- 
ococcus and that which Svedberg and Katsuiai isolated and crystallized from 
Aphantsomenon jios aquae (molecular weight about 200,000) The somewhat 
higher absorption of our curve m the blue may be due to the presence of a 
small amount of colloidal matter from the ground cells, which filtration failed 
to remove from the solution. In the photoelectnc spectrophotometer used for 
all the curves m Hg 1, even very shght light scattenng would appear as 
absorption For purposes of the subsequent discussion we have assumed that 
the absorptions measured in this way are correcL If the true values are lower 
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m the blue, this only adds emphasis to the discrepancy between hght absorp- 
tion and photosynthetic effiaency to be discussed below 
In order to compare the absorption by the pigments in the mtact cells with 
the combmed absorption of the extracted pigments, we have plotted them to- 



400 440 430 520 560 600 640 630 720 


Wave Length in mp 

Fig 1 The absorption spectra of the extracted pigments of Chroococcus The 
sohd line is for the total alcohol-soluble pigments, carotenoids, and chlorophyll 
The broken line is for carotenoids alone, after saponification and removal of the 
chlorophylL The dotted curve for chlorophyll repraents the difference between 
the curve for the total alcohol extract and the one for carotenoids alone In the 
red region, where there is no carotenoid absorption, the curve for chlorophyll is 
identical with the sohd hne for the total extract The curve drawn with alternate 
dots and dashes is for an aqueous solution of phycoi^anm 

gether m Fig 2 (the two loner curves) The sohd curve shows the absorption 
by a suspension of hve cells, measured with a photromc cell by the method 
descnbed m Section U The broken curve shows the calculated combmed 
absorption of the extracted pigments In makmg this computation, certam 
adjustments have been made which must be kept m mmd m order to make a 
fair comparison between the two curves Each measured absorption curve 
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Fio 2 Companson of the sum of the abeorption spectra of the extracted pigments, 
•mth the absorption spectrum for intact Chro^cocw ccHi. The curves are based 
on a cell concentration of U6 cunm, eplla per mL of suspension, in a laj er 1 4 cm, 
thick. The sohd curve is for the intact <ils. The broken curve is for the total 
extracted pigments, obt^ed by addition of the curves for individual components 
shown m Fig 1 after making adjustments m the positions of the TnaTimw. as ex 
plained in the text. The dotted curve, displaced upward on the ordinate to 
avoid confusion of the other two curves, Is for an aqueous extract of ground 
The scale for the dotted curve is on the right. 

shown in Fig 1 was shifted as a whole toward longer wave lengths an amount 
which appeared to make the individual maxima correspond best with the respec- 
tive maxima for the live cells. In the case of chlorophyll, this shift was dif 
ferent m the red and blue regions, bemg 10 m the red, and 6 m the blue 
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(the change being made arbitrarily at 580 m^i) The carotenoid curve was . 
shifted 14 m/jL, and that for phycocyamn 6 vajj, The chlorophyll and carotenoid 
curves m Fig 1 are directly comparable with the curve for the hve cells m Fig 
2, because ahquot portions of the same culture were used, and extraction and 
separation were earned out quantitatively On the assumption that Beer’s 
law apphes to our conditions, the measurements made m solution were so 
corrected that they apply to the same hght path and concentration of pigment 
per umt volume as prevailed m the cell suspension (However, the exact 
agreement of the curves m Fig 2 at the red chlorophyll maximum must be 
considered accidental ) The extraction and separation of phycocyamn, on 
the other hand, were not made quantitatively The curve in Fig 1 represents 
an arbitrary concentration, chosen to give agreement between the two curves 
m Fig 2 at the phycocyamn absorption maximum This is the only adjust- 
ment involved m the calculated curve aside from the wave length shifts men- 
tioned above 

A comparison of the curves m Fig 2 for the observed absorption of the 
mtact cells, and for the absorption calculated from the curves for the combmed 
extracts (the sohd and broken curves respectively), shows that m the region of 
carotenoid absorption the calculated curve is too high This is perhaps an 
mdication that these pigments absorb somewhat more m solution than m the 
hve cells The chlorophyll absorption band m the red is obviously much 
broader m the mtact cells than m solution, so that for wave lengths near this 
band the absorption measured m solution is significantly lower than for hve 
cells It IS not clear to what extent this apphes also to the blue band of 
chlorophyll, and to the carotenoid band 

It is noteworthy that the absorption curve measured for a scattenng suspension 
can give such good agreement wth that of the extracted pigments in homogeneous 
solution This favorable result may be due in part to the absence of plastids in the 
Chroococcus cells, and consequent simpler arrangement of pigments than prevails 
in the higher algae In Chroococcus the pigments appear to be uniformly distnbuted 
throughout the protoplast In the case of Chlorella, where the pigments are con- 
centrated in plastids, comparison of the absorption spectrum of the live cells with 
that of the extracted pigments gives far less satisfactory agreement Further evi- 
dence of the relative simphcity of pigment arrangement in Chroococcus is obtainable 
from an examination of water extracts It is well known that water extracts from 
ground cells of higher green plants are difficult to analyze spectroscopically, although 
Smith (1941) has shown that satisfactory absorption curves can be made with ex- 
tracts in aqueous digitonin or other detergents But if Chroococcus cells are ground 
in a glass mortar mth an equal volume of crystolon and then diluted with distilled 
water and centrifuged, a fairly clear extract of the combmed pigments is obtained 
without resort to detergents The absorption curve of such an extract is included 
in Fig 2 (dotted curve) The sharpness of the absorption bands is comparable with 
that of Smith’s digitonm extract The aqueous extract was not perfectly clear, 
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SO the absorption spectrum was measured with the photronic cell The plotted 
values, displaced upward on the ordinate scale to avoid confusion of the other two 
curves (scale on the nght) refer to a pigment concentration arbitrarily dioscn to 
give agreement with the blue chlorophyll maTimum of the live cells. The extract 
was prepared from a sample of the same culture used for the other two curves m 
Fig. 2 In the aqueous extract of pigments the positions of the maxima of the alcohol 
soluble pigments remain unaltered, as compared to the corresponding maxima for the 



Fio 3 These curves show what percentage of the total absorbed light is absorbed 
by each of the three pigment components, and bow the percentage absorbed by each 
component vanes with wave length, The solid curve is for chlorophyll the broken 
curve IS for the carotenoids, and the curve drawn with alternate dots and dashes is 
for phycocyamn. These curves are based on the measurements with extracted 
pigments. The values for total light absorbed were taken from the pomts of the 
broken curve in Fig 2. To find the per cent absorbed by each component, the 
values plotted in Fig 1 were used, after mninng the same adjustments m posidons 
of the madma as were used m denvmg the broken curve m Fig 2 

mtact cells. The absorption band of phycocyamn however is shifted, opening up 
a deep minimum at 650 n^i, which is particularly staking when the absorption 
IS observed visually The secondary maiimum at 590 nvi, barely visible in the 
isolated pigment, is quite strongly devdoped. This may be related to the reduced 
level of phycocyamn rdative to the other pigments present m the aqueous extract. 

The general agreement between the two lower curves of Fig 2 indicates 
that, at least in CJiroococms, extraction of the pigments results m no funda 
mental change in their absorption spectra. The data of Fig 1 ha%T therefore 
been used to calculate the per cent of the total absorbed light which is absorbed 
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by each of the three pigment components, usmg the wave length shifts men- 
tioned above Fig 3 shows how the percentage of hght absorbed by each 
component vanes with wave length The values plotted m this figure are 
compared m the next section with the dependence of the quantum yield on wave 
length, m order to show how much of the photosynthetic activity is due to 
hght absorption by the accessory pigments 

Fig 3 is clearly an mexact picture of the percentage of hght absorbed by the 
pigment components m the mtact cell, smce the curves m Fig 2 show certain 
discrepancies between mtact cells and extracted pigments Even where the 
combmed absorption of the pigment extracts agrees well with the absorption 
of the cells, there is no certamty that relative absorption of the components 
can be calculated correctly from the measured absorption of the extracts It 
IS always possible that the process of extraction mcreases the absorption of 
one pigment and decreases that of another, m such a way as to produce no net 
change m the total absorption \Vhile such uncertamties are a distmct hrmta- 
tion of the method, at present there appears to be no simple way of avoidmg 
them 


Quantum Yield 

The quantum yield for Chroococcus photosynthesis is plotted agamst wave 
length m Fig 4 (sohd hne) Eight separate runs were made, m general on 
different days and with cells from different cultures The pomts of each set 
are identified by distmguishmg characters on the graph Although careful 
control of culture conditions made it possible to obtam cells with very nearly 
the same charactenstics from different cultures, the reproducibility was not 
perfect It was assumed that a shghtly lower activity of a particular culture 
would lower the quantum yield at different wave lengths by the same factor, 
that a uniform correction could properly be apphed One set of values 
4 has been multiphed by 1 05, and another by 1 13, to give a better fit 
w other pomts One culture gave yields about 20 per cent below the 

has been omitted "^he other five sets are presented as they were 
some runs the s of wave lengths was gone over twice, m 
ly once A si ■ rrection was sometimes made for the ob- 
-m acmuty of durmg the 2 or 3 hours of a run Of the 

belongmg t t sets, appear to be definitely out of Ime 

and ha\e itrardy omitted from consideration m 

pectrum, Fig 4 shows that the quantum 
^ to about 570 m/i, aside from the small 
ether this maximum is real, or is the 
ar culture used for this region The 
xer the entire range does not m any 
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appear to be more thtm about 10 per ceiiL Fig 3 shows that at 676 m/i 
phycocyamn absorbs 6 per cent of the total light absorbed chlorophyll 94 per 
cent, while throughout the region from 640 to 560 the relationship is nearly 
reversed, with phycocyanin absorbmg over 80 per esnt, and chlorophyll less 
than 20 per cent Even allowing wide margins for the uncertamty in esti- 
matmgabsorption in the live cell from the measurements on extracted pigments, 
it 13 dear that the light absorbed by phycocyamn must be available for photo- 



Fio. 4. The quantum yield of CkroocMou photosynthesis The sohd line u 
drawn through the ezpeninestal points the values obtained m different runs being 
distmgmshed by different characters. The dotted curve shows the expected de- 
pendence of the quantum yield on wave length on the assumption that the yield 
for light absorbed by chlorophyll and phycocyanm is 0 08 at all wave lengths and 
that the light absorbed by the carotenoids is not available for photosynthesis 

synthesis with an effiaency of the same order of magmtude as that absorbed 
by chlorophyll 

Proceeding to the short wave length half of Fig 4, the most obvious eiplana 
tion for the sharp decline in yield beyond 570 would be that the carotenoids 
arc here absorbmg hght but not contributing the energy to photosynthesis 
To test this hypothesis, we have calculated the expected photosynthetic yield 
for the total energy absorbed by the hvc cells, using the figures for relative 
absorption of the three pigment components, as plotted m Fig 3 from the curves 
for the extracted pigments The quantum yield for hght absorbed by chloro- 
ohyll or by phycocyamn a assumed to be 0 08, and the yield for hght absorbed 
by carotenoids zero The resulting curve for yield as a function of wave 
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length IS shown by the dotted line in Fig 4 Quahtatively this is in fan- agree- 
ment with the sohd hne drawn through the experimental points, a dear mdica- 
tion that the hght absorbed by the yellow pigments is relatively meffective 
m photosynthesis But quantitatively the calculated yield is too low by a 
factor of tn^o m the region of lowest efficiency This is deffiutely outside the 
experimental error of the quantum yield measurements, and appears to be an 
unreasonable discrepancy to attnbute to the assumptions mvolved m calculating 
the relative amounts of hght absorbed by the pigment components 

On the other hand, if the above calculation is modified by ass umin g that the 
yield for hght absorbed by the carotenoids is one-fifth that for chlorophyll and 
phycocyamn, instead of zero, then each pomt on the calculated curve is raised 
one-fifth of the distance between its present location on the dotted curve and 
the value 0 08 Agreement with the experimental curve is then entirely satis- 
factory, the mmor discrepancies bemg less than one would expect m view 
of the imperfect agreement between calculated and measured absorption for 
the hve cells shown m Fig 2 The uncertamties mvolved mdicate that no 
great significance should be attached to the precise value assumed m this 
case for the quantum yield for hght absorbed by the carotenoids But the 
good general agreement obtamed suggests that a small part of the energy 
absorbed by the carotenoids may be available for photosynthesis 

Measurements mth Thin S^ispeimons 

As a check of the results with thick suspensions and m order to get additional 
information, a few runs were made with suspensions absorbmg roughly half 
of the mcident hght The photosynthesis and mcident energy were measured 
m the same way as before, and the fraction of the madent hght absorbed by the 
suspension was determmed as a function of wave length directly after each nm, 
m the apparatus descnbed m Section II The resultmg values for the quantum 
yield were m general agreement with those obtamed with totally absorbmg 
suspensions, tendmg to confirm both the latter and the tedmique of absorption 
measurements Though the absorption m different regions varied by a factor 
of more than two, and the quantum yield by a factor of more than three, the 
calculated quantum yield showed, withm 10 per cent, the same dependence on 
wave length as the sohd curve m Fig 4 

These measurements with thm cell suspensions may also be presented m 
another way, to distmguish between that portion of the absorbed hght which 
is absorbed by pigments photochemically active m photos 3 m.thesis, and that 
which IS absorbed by mactive pigments The usefulness of a distmction be- 
tv^een “active” and “mactive” pigments depends m part on two simphfymg 
assumptions These are that the quantum yield for hght absorbed by any one 
pigment is mdependent of wave length, and that the yields for the vanous 
accessory pigments are either zero or equal to the yield for light absorbed by 
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chlorophyll (The poasibihty of gencralmng the discussion to include inter- 
mediate and even varymg eificiennes is obvious,) 

The measurements of photosynthesis and hght mtensity with the thm sus- 
pensions show the yield per quantum of incident energy We call this to 
distinguish it from the conventional symbol for the yield per quantum of 
absorbed energy The value of (^' vanes with wave length, and depends not 
onfy on the fraction of the madent light which is absorbed by the cell suspen 
Sion, but also on the fraction of the absorbed energy which is absorbed by 
pigments active in photosynthesis. This latter fraction is not measurable 
directly, but can be estimated as follows We will use <#># to denote the yield 
for energy absorbed by chlorophyll, a pigment which we are sure is photo- 
chemically active m photosynthesis The value of may be assumed, or it 
may be measured directly at some wave length not appreciably absorbed by 
the other pigments present According to the assumptions mentioned above, 
the value of is Independent of wave length, and apphes also to the energy 
absorbed by any other pigments besides chlorophyll which may be active In 
photosynthesis Therefore at any wave length where has been measured, 
we can use the value of «#>, to tmd the fraction of the madent energy which is 

absorbed by photosynthetically active pigments. This fraction is the “ac 

tive absorption” for the particular suspension of cells on which «#>'' was measured. 
It 13 to be compared with the total absorption, measured directly on the same 
cell suspension with the photromc cell. To express total absorption m the 
same units as active absorption, we will call /, the madent energy, and I' the 
absorbed energy (the difference between the madent and transmitted energy) 
r 

Then y is the total absorption, that fraction of the madent energy which is 


absorbed by all the pigments present m the suspension both active and m 
A’ 

active- Comparison of — with ^ should show what fraction of the absorption 
I 


IS attributable to active pigments and what to inactive pigments Reference 
to the absorption spectra of the extracted pigments may then show which are 
the active and which the inactive pigments 


Fig 5 shows a plot of measurements of both j- X 100 (soUd curve) and 


~ X 100 (broken curve) against wave length. Three experiments are repre- 

Bcnted, each covermg a different portion of the spectrum. For the run be- 
tween 600 and 700 m^, the figure of 0 075 was used for the yield for hght 
absorbed by chlorophyll. This value was measured with a thick suspension 
of cells from the sa me culture as the one used for the thm-suspension measure 
ments. For the other two runs, no direct determinations of 4> were mnHo and 
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a value of 0 070 was assumed, m order to brmg the curves for active and total 
absoiption roughly together at 583 m;u 
In the long wave length section of Fig 5, the curve for total absorption shows 
a m a x imum near 670 mja due to chlorophyll, and another one near 620 m/x 



Fig 5 Comparison of absorption spectrum and “action spectrum ” The three 
parts of the figure represent three different runs, each covermg a portion of the 
spectrum For the blue region a concentration of 1 02 c mm cells per ml of sus- 
pension was used, for the green region 1 67 cmm , and for the red region 0 75 c.mm 
The short horizontal Ime m each section shows the half-width of the band used for 
the run represented The sohd Ime shows the per cent of inadent hght absorbed 
by a suspension of hve Chroococcus cells The broken curve shows the per cent of 
the madent hght which is absorbed by photosynthetically active pigments, on the 
assumption that all the hght used for photosynthesis gives a quantum yield equal 
to the observed yield for the hght absorbed by chlorophyll 

due to phycocyamn The curve for active absorption shows two ma x ima 
which correspond closely to the ones for total absorption The active absorp- 
tion IS nearly equal to the total absorption, showmg that the same fraction of 
the incident energy which is absorbed is also used for photosynthesis This 
IS clear evidence that radiation absorbed by phycocyamn, as well as that 
absorbed by chlorophyll, is used for photosynthesis There is no mdication 
that the quantum yield for phycocyamn is any lower than for chlorophyll 
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Our mterpretatioa of this evideiice, taken together with that in thick suspen 
sions, IS that the two yields axe the same within 10 per cent, and probably 
within 5 per cent 

In the region of carotenoid absorption the curves behave quite differently 
Below 560 m;i, as the total absorption turns sharply upward, the active absorp- 
tion contmuea to decline. After going through a broad nummum from 520 
to 480 rrqi, it finally rises gradually as the blue absorption band of chloro- 
phyll IS approached, and at 423 nearly rejoins the curve of total absorption. 
The area between the two curves, which from the pomt of view outlmed above 
represents absorption by inactwe pigments, may evidently be associated with 
carotenoid absorption. However, the active absorption m Fig 5 never 
reaches a lower fraction of the total absorption than 29 per cent. Calculation 
b ased on absorption of the extracted pigments indicates that throughout the 
region from 466 to 500 chlorophyll and phycocyanln together account for 
less than 15 per cent of the total absorption. The disacpancy, amountmg to 
a factor of two, is as before not easily attributable to erroia in the measurement 
of photosynthesis or radiant energy It is possible that throu^out the region 
of low cffiacncy the process of extraction alters the absorption by the pigments 
much more than was assumed. The discrepancy would bo eliminated if we 
should asaime that in the plant chlorophyll absorbs about three tunes as 
much, or that the carotenoids absorb only half as much, as m solution The 
curves m Fig 2 make either of these hypotheses seem unlikely, but a more 
moderate effect of extraction on both pigments is certainly compatible with 
the absorption measurements Due to this possibibty no more definite 
concluaiona can be drawn than from the experiments with thick suspensions 
Both groups of experiments suggest either that certain of the carotenoid 
pigments of Ckroococcxu are photochemlcally active in photosynthesis, or that 
all ore active with an efficiency much lower than that of chlorophyll and 
phycocyanin. Any attempt to distinguish between these two possibihtiea 
by the present method would be difficult because of the sumlanty ^tween the 
absorption spectra of the vanous carotenoid pigments. 

In presenting the experiments with both thick and thm suspensions, we have 
made use of the assumption that the quantum yield for light absorbed by any 
one pigment is mdependent of wave length It is appropriate to mention 
some e^penmcntal evidence m support of this assumption In the case of the 
green alga CkloreUa pyrcnoxdosat which contains no phycocyanin, practically 
the entire absorption of bght at wave lengths longer than about 570 can 
be attributed to chlorophyll- Measurements of the quantum yield of ChhrtUa 
photosynthesis at different wave lengths (the results of which are being pre- 
pared for publication) have shown that from about 570 to 680 mjx, the yield 
IS essentially constant, Franck and Hcrsfeld (1937, p 251) state that the 
yield of chlorophyll fluorescence is constant from 400 to 650 m^ If their 
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interpretation of the significance of fluorescence is correct, then constancy of 
the yield of fluorescence favors the conclusion that the photosynthetic yeld 
for hght absorbed by chlorophyll must be constant, not only m the region 
where chlorophyll alone absorbs hght, where the CYpernnents with Chlorella 
mdicate that it is constant, but also at wave lengths where other pigments 
compete with chlorophyll for the absorption of hght and make direct measure- 
ments impossible But the extension of the assumption of constant photo- 
synthetic yields for each pigment to orgamsms other than Chlorella, and 
pigments other than chlorophyll, must be regarded as only a workmg hypo- 
thesis 

It must be emphasized that these reservations concern only the conclusions 
drawn m regard to the carotenoid pigments The experiments reported here 
establish beyond reasonable doubt that the hght absorbed by phycocyamn 
IS used for photosynthesis with an efficiency approximatmg that of the light 
absorbed by chlorophyll But whether the phycocyamn acts by transfemng 
the energy it absorbs to chlorophyll, which then cames on photosynthesis m 
the same way as if it had absorbed the hght initially, or whether the phyco- 
cyamn can carry out carbon dioxide assimilation mdependently of chlorophyll, 
IS a question to which our experiments give no answer 

STOrMAXY 

The absorption spectra of the pnncipal pigment components extracted from 
Chroocacciis cells have been measured, and then sum compared with the ab- 
sorption of a suspension of hvmg cells The agreement was sufficiently close so 
that it was concluded the absorption spectra of the extracted and separated 
pigment components could be used to obtam estimates of the relative absoip- 
tion of the various components m the hvmg cells 

The quantum yield of Chroococciis photosynthesis was measured at a suc- 
cession of wave lengths throughout the visible spectrum, and the dependence 
of yield on wave length was compared with the proportions of hght absorbed 
by the pigment components This comparison showed beyond reasonable 
doubt that the light absorbed by phycocyanm is utilized m photosynthesis 
with an efficiency approximately equal to that of the light absorbed by chloro- 
phyll The light absorbed by the carotenoid pigments of Chroococciis seems 
for the most part to be unavailable for photosynthesis The results leave open 
the possibility that light absorbed by the carotenoids is active in photosynthe- 
sis, but wuth an efficiency considerably lower than that of chlorophyll and 
phycocyanm It is also possible that the light absorbed by one or a few of the 
several carotenoid components is utilized with a high efficiency, while the 
hght absorbed by most of the components is lost for photosynthesis 
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THE PHYSIOLOGICAL EFFECTS OF I-TYROSINE AND /-PHENYL- 
ALANINE ON THE RATE AND QUALITY OF PULSATION IN 
THE SEVENTY TWO HOUR EXTIRPATED 
EMBRYONIC CfflCR HEART* 

By BERNARD J MUXER amd VINCENT W CL\CCI 
(Frcm thi Lanienau Botptial lUscarch Pktladelpkia) 

(Received for publication, Novcmbcx 5, 1941) 

Tbc growth effects of the differentiation-enbanang ammo aads, / tyrosme 
and / phenylalanine, have been reported in a previous communication ^ The 
physiological effects upon rhythimaty and contiactihty of the 62, 72, and 96 
hour chick hearts are here reported. 

Smee the 62 to 96 hour embryo chick heart is free of nervous control, the 
peculiar qualities of rhythmiaty and contractility may be nghtly attributed 
to either Inherent potency, chemical influences, or both. By chemical in 
fluences is here meant either direct stimulation or depression due to naturally 
occumng compounds or to metaboUc products of such substances upon the 
myocardial syncytium. 

/-Tyrosme and /-phenylalomne bear structural relationship to epmephrinc, 
ephedrine, tyranune, and thyroxine These four products produce specific 
physiological manifestations which may easfly be identified as such 

Consequently, the work reported m this paper was designed to deteimme the 
ease with which syncytial heart muscle of the 72 hour chick embryo could 
convert or utilize /-tyrosme or / phenylalanme m this way In addition, it 
was of mterest, m the event that these naturally occumng ammo aads would 
have any such action, to study the effects upon the quality of the pulsations 
and any alteration m the conduebon pattern as compared to the known effects 
produced by /-epinephrine Smcc these amino acixis are present m such high 
concentrations m the hen's egg, it was thought that this information might 
have important bearing m rdation to the imtlation of rhythmiaty m such 
hearts. 


Method 

Fertile hen s eggs were obtained from a reputable hatchery within 24 hour* after 
laying. These were meubated m a moist chamber incubator 

• Aided by a grant from Mrs. Elizabeth Nax. 

^Inpresa. 


S97 



598 


PtTLSATION OF EXTIRPATED EAIBRYOOTC CHTCE HEART 


Locke’s solution minus dextrose served as the basic medium The electrolytic 
balance of Locke’s solution is ideal for preserving the rhythnucal pulsations of 72 
hour chick hearts (1) Fletcher and Waters (2) report that mammahan heart muscle 
does not utilize dextrose when perfused with an artificial medium The solution was 
prepared in triple distilled water, which had previously been boiled to remove excess 
carbon dioxide gas, and placed m a paraffin-lmed bottle to prevent the sihca of the 
glass from entenng the solution 

In two experiments, the amount of Z-tyrosme suffiaent to make a m/100 solution 
was dissolved m 1 cc of a n/1 HCl Next, 8 cc of a Locke’s solution were added, 
and the solution finally brought to the original pH by the addition of 1 cc of a n/1 
NaOH The m/1,000, m/10,000, and m/50,000 dilutions of Z-tyrosme were then pre- 
pared from the standard m/100 solution In the remaimng experiments, sufficient 
Z-tyxosme, Z-phenylalamne, or Z-epmephrme was dissolved m 100 cc of Locke’s solu- 
tion to make the proper concentration This latter method avoided even the shght- 
est disturbance m the pH or osmotic pressure In aU cases the constituents- were 
weighed to the tenth part of a milhgram on a high sensitivity analytical balance 

The blastoderm was excised, care being taken not to touch the heart or adjacent 
structures, and placed m 10 cc of freshly prepared Locke’s solution The heart was 
then onented under a dissectmg microscope The ectoderm was carefully removed 
from around the heart with an indectomy knife By means of a quick incision the 
smus venosus was cut from the ducts of Cuvier, care being taken not to injure the 
smoatnal node The bulbus conus artenosus was likewise divided from the aorta 
The heart was then transferred to a large Petn dish containmg 20 cc of a freshly pre- 
pared Locke’s solution by means of a wide mouth pipette AU experiments were con- 
ducted at 26°C 

The pulsation rate was taken soon after the heart was placed in the Locke’s solu- 
tion Additional counts were taken every 15 minutes to a half hour until the last 
two rates agreed with each other withm a variation of five pulsations per mmute 
As a rule, the faster beatmg hearts were transferred to the control dishes which con- 
tained 5 cc of the normal Locke’s solution, and slower hearts transferred to similar 
dishes containing the same amount of experimental solution m order that the in- 
crease in pulsation rate would exceed the refractory phase 

Pulsation rates were recorded for aU hearts at half hour intervals AU expenments 
were concluded when experimental hearts had passed from irregular rhythm to par- 
tial or complete heart block rhythm 

The result of each experiment was plotted At the conclusion of the study, aU 
data were statisticaUy combined by the method of graphic addition, and a smgle 
composite graph was made for each compound and concentration studied Thirty- 
eight experimental 72 hour hearts and ten 72 hour control hearts were fixed m abso- 
lute alcohol, embedded m paraffin, sectioned, and stamed for glycogen by the method 
of Best (3) 


- Ammo aads were 99 8 per cent pure and were obtained from La Roche Crys- 
talhne epmephnne was obtamed from Armour and Co 
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EXPEEmENTAL OBSERVATIONS 
Control Rearis 

All individual curves show the same gcMral form (Fig 1) The composite 
rate curve statistically denved from the cipenmental data of fourteen con 
trol hearts revealed two peaks, the first of which occurred withm 15 minutes 
after transfer from the origmal Locke s solution m which hearts remained until 
they assumed a regular pulsation rate, and a second peak which attained its 
greatest magmtude within 1 hour and 50 mmutes after transfer to cipenmental 
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control dishes of Locke s solution The descending limb of the second peak 
continues to a lower Ie^ el than that of the first peak. This contmues at a 
comparatively uniform rate to the termination of the experiment Individual 
control curves show increasing dctenoration and decreasmg pulsation rate 
beyond 4 hours and may fall to a level as low os eight to ten pulsations per 
minute. 

35 per cent of control hearts do show a period of irregular rate manifest by 
the appearance of occasional pauses m pulsation between 2\ and hours 
Control hearts did not assume a heart block rhythm but constantly pulsated 
at a normal rhytlua with each auricular contraction foUovrcd by a contraction 
of the ventncle. 
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Effect of l-Tyrosine 

The curves derived from the data of thirty-four experimental 72 hour chick 
hearts studied m m/1,000, m/10,000, and m/S0,000 i-tyrosme showed the 
same fundamental features of the composite control curve with the following 
modifications (Fig 1) — 

1 There is an abrupt mcrease m pulsation rate m m/1000, m/10,000, and 
m/50,000 /-tyrosme, attaimng a higher level than that seen in the composite 
control curve The rate of pulsation was highest in m/10,000 and m/50,000 
T-tyxosme 

2 In controls the succeedmg decrease in pulsation rate is negligible In 
the case of experimental solutions the following decrease m rate is more rapid 
In m/1000 i-tyrosme it is more rapid than in m/10,000 and m/50,000 f-tyrosme 
However, the greatest fall m rate occurred m m/50,000 solution 

3 The second penod of mcreased pulsation rate in the experimental curve 
IS relatively higher than that seen m the control curve The pulsation rate is 
highest m m/10,000 and m/50,000 i-tyrosme, while with m/1000 /-tyrosme the 
highest pulsation rate is shghtly above that seen soon after transfer to l- 
tyrosme solutions 

In all cases this highest pulsation rate is delayed m comparison with the 
controls, appearmg earhest m m/1000 f-tyrosme and latest m m/50,000 U 
tyrosme 

4 The degree of pulsation depression decreases with increasing concentra- 
tion of /-t 3 rrosme In all cases the depression of rate is greater than that of 
controls 

5 Recovery from the previous depression is more rapid with decreasing 
concentration of f-tyrosme 

6 Irregularity of rhythm appears first m experimental conditions Irregu- 
larity IS seen at lowest depression in the case of m/1000 /-tyrosine and durmg 
beginning depression in m/50,000 /-tyrosine, while irregularity is seen during 
recovery m m/ 10,000 /-tyrosme 

7 Irregularity is soon replaced by partial or complete heart block rhythm 
m 75 per cent of experimental hearts In the case of m/ 50,000 /-tyrosme, heart 
block rhythm is established dunng depression while m the case of m/1000 and 
m/10,000 /-tyrosme heart block rhythm is established durmg recovery from 
the previous depression The usual rhythm observed is 2 to 1, but 3 to 2, 
and 10 to 1 rhythm have been occasionally observed 

8 In ah cases the terminal pulsation rates of experunental hearts are rela- 
tively higher than the terminal pulsation rates of control hearts 

When placed m fresh Locke's solution, only 20 per cent of 72 hour experi- 
mental hearts show recovery of rate and rhythm 

Four 64 hour embryo chick hearts were only shghtly susceptible to the effects 
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o£ 1-tyroainfc. These showed immediate depressing in ir/1,000 / tyrosine 
solution, ariA only the slightest mcrcaic m pulsation rate. There was, how 
ever, some stimulation followed by a g;rtat£r depression and irregular rhythm 
m ii/10,000 I tyroime, but in no case did the effect compare with that of 72 
hour erobryo chirlc hearts in f-tyroainc solution 
I Tyrosme exerted its greatest effect on 96 hour embr> o chirk hearts Four 
96 hour hearts placed m ii/ipOO solutions showed an immediate and sustained 
increase of pulsation rate Pulsation iiregulanty sets m at peak stimulation 
?T)d was immediately followed by partial heart block rbythnu 



Fig 2 


On the other hand ii/ 10,000 I tyrosine produced depression of pulsation 
rate after peak stimulation followed by a gradual recovery, pulsation iiregu 
lanty, and partial heart block rhythm, or else complete of beat 

Ail hearts showed con^letc recovery of rhythm and pulsation rate when 
placed back mto the normal Locke** solution 
It was found that ^eplneph^iue had no consistent effect, especially in con 
ccntrations below i^lOOOO Ten hearts were observed in f^pincphnne. 
Some experimental hearts did show an immediate stimulation occumng 
within 15 mmutes after transfer to the experimental solution This was 
followed by depression and the appearance of partial heart block rhythm. 
A second stimulation peak was observed only m ii/100,000 J-epmephrme, 
but m this case there was also irregulant> of rhythm It is to be 
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that any results with /-epmephnne are to be cautiously evaluated since the 
compound is rapidly oxidized in aqueous solution 

Ejects of Phenylalamiie 

The curves derived from the data of ten experimental 72 hour chick hearts 
studied m m:/1000 and m:/10,000 /-phenylalamne show the same fundamental 
features of the control curve with the foUowmg modifications (Fig 2) — 

1 There is a gradual and prolonged depression of pulsation rate immediately 
upon transfer to m/1000 and m:/10,000 ^phenylalamne Depression is greater 
m m/10,000 /-phenylalamne 

2 Highest pulsation rate m m/1000 Z-phenylalanme is greatly delayed in 
relation to the control curve, but eventually it attains a magmtude equal to 
that seen m m/50,000 /-tyrosine The highest stimulation m m/10,000 is 
delayed beyond that of m/ 1000 and is of lesser magmtude 

3 The foUowmg depression of rate is most severe and rapid m m/1000 
This is followed by an mcreasmg pulsation rate which attains a level equal to 
the previous peak value 

4 In the case of m/1000 /-phenylalamne the first increase m pulsation rate 
is accompamed by the appearance of persistmg irregularity In m/10,000 
/-phenyl-alamne irregularity appears at the peak pulsation rate 

DISCUSSION 

The first peak m the composite control curve is apparently the result of 
mechamcal stimulation smce this does not occur if hearts are not transferred 
If thiq peak be graphically eliminated by the strmg method, it will be seen that 
the pulsation rate gradually increases from the begmmng, at 45 minutes the 
mcrease m rate becomes more rapid, and the rate attains its greatest magm- 
tude m 1 hour and 45 mmutes This latter, sudden mcrease m rate is not 
surprising smce the nodal tissues are markedly sensitive to CO 2 , which causes 
an mcreased rate of impulse mitiation at the smo-atrial node and mcreased 
conduction over the arterio-ventricular bundle m fully developed hearts 
The rapid fall of pulsation rate below the base hne may be attributed to the 
ovenvhelmmg effects of CO 2 and other metabolites which cause slowing of the 
heart and mcreased tone of the cardio-inhibitor center of hearts subject to 
nervous control Beyond the 3 hour mterval, mdividual control pulsation 
curves show steadily mcreasmg depression 

There is e\'idence of irregularity m 35 per cent of control hearts This may 
be attributed to the accumulation of carbon dioxide, smce it was noted that a 
fall m pH to a level of 7 of Locke’s solution causes extra systoles, heart block, 
other irregularities, followed by a cessation of impulse mitiation and conduction 
m 72 hour embryo chick hearts 

Hearts placed m /-tyrosme show an mitial stimulation followed by a de- 
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preaaion With ii/lOOO / tyrosmc the depression predominates whereas with 
11/10,000 and m /50,000 l-^osine stunulatjon was more evident Stimulation 
was manifest as an increase m rate and conductjoa and depression as a de- 
crease m rate and conduction. The penod of irregularity appears to approach 
the peat stimulation os the concentration of / tyrosine is decreased Irregu 
lanty of rhythm and associated heart blocL ihythms appear to be true con 
duction effects and result from the direct mjury suffered by the nodal tissue 
while acceleration of pulsation, due to mcreased impulse imtiation is apparently 
the result of a direct effect on the nodal tissues 

These effects dosely resemble the effects of /-epinephnne on the mtact 
mammalian heart (Sollmann, 4) 

The results of experiments with 62 hour, 72 hour, and 96 hour chick hearts 
mdicatc that the degree of sensitivity to ^tyroame parallels differentiation of 
the tissue 

Adrenalin is first detected, by present available methods, on the Sth day 
of embryonic development (5) S-day embryo chick hearts have been shown 
to be sensitive to epmepfanne (6) We have found that 72 hour ducL hearts 
give vaned responses to 1 part m 10 thousand, and 1 part m 50,000 crystallme 
kepmephrme 

/ Phenylalanine produces on imtial depression, later it has effects arpnar to 
those of / tyrosine, m/10,000 / pbenyiaknine is toxic and causes a steadily 
mcreasing depression immediately after transfer followed by the typical 
ktyrosinc effect, which m the case of m/1000 attains a level twice as high as 
that observed with m /10,000 / phenyUlamne The penod of irregularity 
differs from that produced by f-tyroame. In this case irregulanty is seen at 
lowest depression and not peak stimulation There is no recovery of hearts 
when placed in fresh Locke’ssolutionsucfa as occunedafter tyrosme Instead 
hearts go into partial or complete heart block, 

/-Phenylalomne is on indispensable ammo aad (7) and may serve as the 
immedbte precursor of / tyrosine, which m turn is readily converted to f- 
epinephrme os has been shown m kidney slices (8} The initial depression 
possibly represents immediate toxja^ and lag before the compound is con 
verted to ktyrosme. The Imtial tonaty may also be due to the conversion 
of part of the 1 phenylalanine mto /-phenyl pyruvic aad (9), which is not 
easily oxidised by tissues. In this case the stimulation level would be lower 
than that seen with the same ooncentiation of /-tyrosine because of the pres- 
ence of an inhibiting compound or initial injury suffered by the myocardial 
ayncybum 

The embryo chick heart first begins to pulsate rhythmically after 36 hours. 
Ganglion cells cannot be demonstrated as such until 148 hours The sympa- 
thetic nervous system does not appear until after 120 hours. This indicates 
that the peculiar qualities of rhythmiaty and contractility ore inherent and 
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myogenic If one attempts to go a step further, he may deduce that other 
inherent quahties and potencies are likewise dependent upon non-nervous 
factors— probably chemical m nature It is well established that the mineral 
constituents of the blood such as Ca, K, Na, O 2 , and CO 2 tensions, lactic acid, 
and 4^pmephnne exert important influences on the heart, either directly or 
indirectly by their actions upon the hypothetical substance of Langely Ac- 
cordmg to Crui c ksha n k and McClure (10), the amino acids are very sparingly 
utilized as a source of energy The combustion of fat serves as the greatest 
energy source The ammo acids, however, have been reputed to be of greater 
significance m cardiac metaboUsm smce they exert their effects through cer- 
tain mtermediaries and metabolites such as tyramme and epmephrme and so 
condition the inherent quahties of heart muscle This of course is opposed to 
the behef that /-epmephrme is a metabolic waste Mitchell and Hamilton 
(11) report the presence of 4 per cent /-tyrosme and 5 1 per cent /-phenylalamne 
m egg albumm Smce /-phenylalamne is considered the immediate precursor 
of /-tyrosme, the imtial concentration of /-phenylalamne was probably higher 
Galvialo (12) reports the existence of a protease, amylase, and lipase in the 
24 hour chick embryo, while the presence of a tyrosmase, and catalase, have 
been reported m the yolk of Koga (13) This mdicates that the facilities for 
the conversion of /-phenylalamne or /-t 3 rrosme mto /-epmephrme and tyramme 
are present before any recogni 2 able rudiment of the adrenal glands appear and 
before /-epmephrme can be pharmacologically detected Possibly /-tyrosine or 
/-phenylalamne is concerned with the imtiation and preservation of rhythimcity 
m the heart 

Thanks are extended to Drs Stanley P Reimann and J Earl Thomas for 
their assistance during the course of this work and preparation of the manu- 
script 


SUMMARY 

1 72 hour isolated chick hearts show an mcrease m pulsation rate when 
placed m m/1000, m/10,000, and m/50,000 /-tyrosme solutions The optimal 
effect IS seen m m/10,000 and m/50,000 /-tyrosme 

2 All hearts show disturbance of rhythm either m the form of irregular 
rhythm or heart block 

3 62 hour isolated chick hearts are not susceptible to /-tyrosme while 96 
hour hearts are markedly sensitive 

4 72 hour isolated chick hearts placed m 1 part m 10,000 and I part m 50,000 
/-epmephrme show approximately the same effects as were seen with /-tyrosine 

5 72 hour isolated duck hearts placed m m/1000 and m/ 10,000 /-phenyl- 
alanme show an mitial depression followed by an /-tyrosme effect 



BEUKARD J im.T.T^ AND VDICENT W CUCO 


605 


BXBUOGRAPHY 

1 Lewis, W H , The effects of vanous solatioos and salts on the pulsation rate of 
isobted hearts from young chick embryos Carmgis ImiUuitOfi of Washington, 
Fub No 115 Contnb Emiryot , 1931 
2. Fletcher, J P , and Waters, E T , J Phystd , 1938, 94, 337 
3 Lee, A* B , The mlCTotomist’s vade mecum, Philadelphia, P Blakiston's Son and 
Co , 8th edition, 1928 

L Sollmann T , A manual of pharmacology and its appUcntion to therapeutics and 
toxicology, Philadelphia, W B Saunders Co , 5th edition, 1939 

5 Luti, B B-, and Case, M. A., Am. J Physiol , 1925, 73, 67 

6 MaikowiU, C / Phystol, 1931 97. 271 

7 Womack M, and Rose, M. S J Btol Chtm . 1934 107, 449 

8 Schuler, W , Bernhardt, H. and Remdcl W , Z phystol Chem , 1936, 243, 90. 

9 Shambau^, N F, Lewis, H B , and TourtclloUc, D , / Btol CAem., 1931, 92, 

499 

10 Crmckshank E W H., and McClure, G S / Phystol 1936, 86, 1 

11 MitdieU, H. M., and Hamilton T S. BiochemistTy of the ammo aads, New 

York, The Chetmeal Catalog Co , Inc. 1929 

12 Galvialo, M J BtoeJum. Z Berlm 1926, 177, 266, 

13 Koga, T BuxJt^m Z Berlin, 1923, 141 , 430 




THE FLOCCULATION MAXatUM (pH) OF FIBRINOGEN AND 
SOME OTHER BLOOD-CLOTTING REAGENTS (RELATIVE 
TURBIDIMETRY WITH THE EVELYN PHOTOELECTRIC 
COLORIMETER) 

Bt JOHN H. FERGUSON 

(From Ote Lahoralona of Pkarmacology, Untvcrxily of Michigan, Ann Arhor) 
(Received for publication, November 21, 1941) 

In previous publications (4, 5, 12) it has been pointed out that fihnnogcn, 
as ordinarily prepared from plasma by “aalting-out” with neutral salts, is not 
a pure protem, but contains significant amounts of contaminants, mcluding 
serum globulm, prothrombin, phosphohplds, inorganic salts, etc. It is a com 
mon experience that hbnnogen solutions keep poorly and cannot be evaporated 
without irreversible change (denaturation) A successful “lyophile” prepara 
Uon has been described, however (8) The deterioration which occurs in solu 
tions and sometimes even dunog the course of preparation (parbculoily if too 
many * salting'' are attempted) is usually regarded as a form of denaiuruiion^ 
but there are mdubitahle occasions when some true fibnn clct appears, despite 
all the usual precautions. By means of cold room temperature (2®C ) and 
moderate aadifimtioa (pH ■= 6U), Florlcm (11) obtained a NaCl hbnnogen 
which fulfilled the physicochemical requirements of constant and rcprodudble 
solubility, held to permit its charactenxation as “suffiacntly purified of other 
proteins and its own denaturation products to yield a chemical mdividual " 
Nevertheless the preparation was very unstable at room temperature, espe- 
cially at alkahne pH, and it could not ^ dialyzed May not Florkm’s limited 
success be attributable to the known ability of cold and aadity to arrest the 
action of a contaminating trypsm like en^me? 

Such an enzyme (serum Iryptasc) is well recognized and numerous eipen 
menta m the past few years (2, 3, 9, 12, 15) attest its importance (as a constit 
uent both of plasma and of aqueous tissue extracts, or "thromboplastm^’) m 
the mechanisms of blood coagulation (6) Both crude tissue (and plasma) 
materials and the essentially analogous pure ciystalliae trypsm (isolated from 
pancreas by Northrop and Kumtz m 1936) show parallelism of behavior, under 
appropriate experimental conditions, with respect to (a) fibnnogenolysis and 
fibrinolysis (2, 9), (6) prothrombmolysis (7) and Ihrombinolysis {^prograsive 
antithrombm (12)), (c) thromboplastic acceleration of the conversion of pro- 
thrombin mto thrombm (2) particularly m the presence of optimal amounts of 
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Ca++ and cephalm (P lipid) (9), {d) inhibition by hepann (13, 10) Trypsin is 
unable to dot fibrinogen directly but only through facilitating thrombm pro- 
duction (2, 9, 15), and this facihtation can proceed under conditions of great 
depression of Ca ionization (2, cf 9), which argues strongly for the probabihty 
that the natural plasma tiyptase, in addition to proteolytic effects, may produce 
at least traces of true fibnn m kept fibrmogen solutions containing small 
amounts of prothrombin It then becomes a question whether any of the 
numerous experiments, which are mterpreted m the coagulation hterature as 
fibnnogen “denaturation,” are free from confusion with true fibrm clottmg 
arismg m this way 

The extensive work of Wohhsch and colleagues (excellently summanzed in 
a recent review (15)) is an impressive correlation of denaturation and coagula- 
tion phenomena m an endeavor to support Wohhsch 's theory that the fibrin 
dottmg of fibrmogen is merdy a type of denaturation, specifically catalyzed 
by a unique proteolytic enzyme, namely, thrombm, not to mention papam and 
certam venoms (cf 2, 3, 6) Conservative opmion emphasizes, rather than 
mrmmizea, the experimental differences between fibrin and denatured fibnno- 
gen The new data on tryptase activities also undermme much of the evidence, 
such as it IS, for a protease-Uke character of thrombin 

Certam data advanced by Wohhsch and others (15) deal with ths flocculation 
maxtmwn of fibnnogen m buffer solutions of varying pH and salt content It 
may be regarded as established that (a) fibrmogen regularly shows a floccula- 
tion optimum well on the acid side of neutrality, the exact location of which is 
determined by the electrolyte concentration, (3) the optimum is mdependent 
of the protein concentration, but this, m conjunction with the salt content, 
determines the “range” of precipitabihty The questionable datum concerns 
an alleged “second maximum” to the aikalme side of the “chief” maximum 
Such an appearance is well known m the denaturation of egg albumin and 
casemogen, and Wohhsch argues for a similar phenomenon m the case of fibrmo- 
gen denaturation The real issue, however, anses over claims for a comparison 
With fibnn Owmg to its pecuhar 5 'inm-crystalhne (oriented micelle) gel 
formation, flhnn does not lend itself to flocculation experiments (v tnfra), and 
arguments as to its “maximum of precipitability” m a pH region closer to the 
neutral pomt, are mdirect and somewhat lacking m conviction Later workers, 
whom Wohhsch (IS) quotes m confirmation, have improved upon that author’s 
original methods by mtroducmg turbidimetnc techniques, mcludmg the use of 
the Zeiss-Pulfnch Stnfenphotomeler 

Havmg at hand a hnuted quantity of a particularly suitable fibrinogen prep- 
aration (stable and prothrombm-free, v tnfra), together with the excellent 
instrumentation of the Evelyn photoelectric colorimeter, we have sought to 
re-mvestigate the particular problem outhned above 
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Methods 

ReagenU — 1 Plasmc , — Obtained from atiated (0^ per cent) dog blood by two 
centnfugalitaUcmi and passing rapidly througli a Berkefeld V ultrafilter It was 
7 to 10 days old at the t^rni» of the ated tests but appeared stable and yielded a deat 
solution on routine filtration to get rid of a negligible trace of flocculent deposit- 

2 Pibrwogm' — Prcdpitated three times from the above plasma (24 hours old) 
by one-fifth saturation with (NHOtSO*. The final preparation, dissolved in 0 85 
per cent NaQ at pH — 7 0 was a dear opalescent solution, stable for more than ^ 
week in the ice box at 5®C, despite frequent exposures for hours at room tempera 
tures (25*0) Throughout the pedod of study there was no trace of sediment or 
clotting of any kind Ca salt mik and without added thromboplastm (weak saline 
extract of froxen dog brain), gave no dot dunng 45 hours, thus proving the complete 
absence of all traces of prothrombin Sohddots were obtained in a matter oi seconds 
with a purified thrombin solution (5) and there was no fibimolyna m 3 days The 
fibnn yield obtained gravimctncally after sudi thrombin clottmg, amounted to 0J75 
gm, per 100 cc. solutiorL 

3 Preheated Ptbruwgtfu — 10 cc. fibnnogen carefully wanned, m water bath, until 
mapicnt tuibidieatlon (at 51 C), then cooled immediately (cold tap), to prevent 
flocculation 

4 AuUUt Buffer SAuitons — Made from N/SO acetic aad and n/ 50 potassium ace 
tatc were checked with the ^ais electrode (Beckmann pH meter) 

5 Trypnn , — 1 1000 crystalline tiypsm (Plant Rcseaxth Laboratory), m distilled 
water The quantities dted in the tests refer to dry wei^t of the enzyme prepaia 
tion (which indudes about 60 per cent MgSOi) per unit volume of protem solubou 
tested 

Apparatus and Technique — ^The Evelyn photoclectnc cobnmeter was adjusted 
for 10 cc. (macro) samples, usmg a green filter (540) and matched tubes (blank « 
82 0zbl0) 95cc.af bofler solution were placed in tube and adjusted to give a zero 
(+ 100 0) position of the galvanometer spot light. 0 5 ca of protem solubon was 
added, mixed, and readings taken (as routine) at 15 seconds, and 1,2 5 mmutes. In 
Experiments lU and VH 1/10 volume of protem solution was used, but a slight 
tendeno^ to late flocculation (with resulting reversal of reading) inclined us to prefer 
the 1/20 volume above suggested. The relative turbidities as measured by the 
galvanometer scale deflection, are given for the 1 mwute readmgs, in the data sum- 
Diarized in Table L There was usually a fddy definite maximum wlthm the 5 minute 
observation period, but the sU^t tendency to drift (partly inherent m the instrument) 
made it undesirable to attempt to fix the ^^maxima,' particnlarly since the later read 
mgs Invariably supported the sequence recorded for the I mmutc senes. While 1 0 
scale unit Is probably significant, we have arbitrarily adopted a minimum of 2 0 
units, over the initial turbidity to define the somewhat indefimte limits of the *frange” 
of turbidization. This gives results, for the I minute series, witiun the range of 
allowed error of 0J2 pH units of buffer variation (v infra) 

Data (Table J) — 

A SlalU Ftbnnagm — 1/20 volume in N/lOO acetate buffer flocculation 
msTimnm (F3L) pH - SJ (iOk), range — 5 9 — 4.3 (±0k) IL 1/20 volume 
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m N/lOO acetate buffer, contauung 1 per cent NaCl, F M =47 (±0 2), range = 
51— 41(db0 2) m 1/10 volume in n/SO acetate buffer F M = 4 7 (±0 2), 
range = 53 - 39 (±0 2) 


TABLE I 


Flocculaiton Maximum of Fibrinogen and Plasma in Acetate Buyers of Varying Sail Content 
Relative Turbidimelry unth Evelyn Photoelectric Colorimeter 


No 

Initial 

Checked 

Various fibrinogen preparations 

Plasma 


i 



K'f J 

I 

n 

m 

IV 

V 

VI 

VU 



X 

XI 

1 

6 

47 

6 

43 

0 5 

0 5 

1 9 

4 0 

2 2 

2 0 

1 5 

1 0 

1 5 

6 0 

m 

2 

6 

3 

6 

25 


0 4 

2 0 

5 1 


2 0 

1 4 

1 2 


8 0 


3 

6 

1 

6 

10 

1 4 

0 2 

1 9 

6 8 

3 0 

1 5 

2 0 

1 5 

8 8 

9 0 

95 

4 

5 

9 

S 

89 

7 7 

0 8 

1 9 

11 5 

2 8 

1 8 

0 5 

1 1 

18 1 

19 0 


5 

5 

7 

5 

70 

16 0 

0 8 


16 5 


1 2 

0 9 

1 5 


32 0 

27 5 

6 

5 

5 

5 

46 

23 5 

0 5 

6 5 

22 5 

5 0 

2 5 

1 0 

1 0 

47 0 

44 0 

38 5 

7 

5 

3 

5 

26 

24 4 

0 5 

24 0 

24 0 

6 5 

3 0 

1 4 

1 1 


53 0 


8 

5 

1 

5 

02 

23 5 

3 5 


23 7 


9 0 

1 9 

2 5 

55 5 

53 0 

iu 

9 

4 

9 

4 

81 

18 5 

18 8 



16 8 

16 0 

9 5 

13 5 


41 0 


10 

4 

7 

4 

61 

16 2 

27 0 

53 0 

17 5 

18 0 

23 5 

19 0 


31 0 

35 5 

31 5 

11 

4 

5 

4 

42 

13 0 

25 5 

50 0 


15 5 

23 0 

21 0 


mm 

31 0 

BB 

12 

4 

3 

4 

24 

6 0 

22 0 


8 5 

11 0 

22 0 

17 0 

9 0 

WSH 

■afeiAi 

25 0 


13 

4 

1 

4 

05 

IB 

14 5 



3 5 


10 4 

1 5 

m 



14 

3 

9 

3 

87 


1 8 

6 0 


2 0 

3 8 

^ 1“ 

1 1 


4 5 

12 5 

15 

3 

7 

3 

68 

0 2 

0 8 

2 0 

0 5 

1 0 

2 4 

H — h 

0 8 

4 0 

3 0 



I 0 5 cc stable fibrinogen +9 5 cc acetate buffer (n/100) 

n 0 5 cc “ “ +9 5 cc “ “ (n/100), containing I per cent NaCl 

m I 0 cc “ “ +9 0 cc " " (n/50) 

IV 0 5 cc predenatured (51°C ) fibrinogen +9 5 cc acetate buffer (n/100) 

V 0 5 cc “ “ “ +9 5 cc “ “ (n/ 100) contauimg 

0 5 per cent NaCl 

VI 0 5 cc predenatured (51°C ) fibrinogen +9 5 cc acetate buffer (n/ 100) containing 

1 O per cent NaCl 

VII 1 O cc tryptic digest of fibrinogen +9 5 cc acetate buffer (n/50) 

VTTT O 5 cc plasma +9 5 cc acetate buffer (n/100), containing 0 25 per cent NaCl 

IX O 5 cc “ +9 5 cc “ “ (n/100) 

X 0 5 cc plasma, preheated (53°C ) +9 5 cc acetate buffer (n/100) 

XI 0 5 cc plasma, digested for 1 hr with trypsm (1 100,000) +9 5 cc acetate buffer 

(n/100) 

B Preheated (5i°C) Fibrinogen — IV 1/20 volume in n/100 acetate buffer 
FM =>5 3 (±0 2), range = >6 45 - 41 (±0 2) V 1/20 volume in n/100 
acetate buffer, contammg 0 5 per cent NaCl F M =47 (±0 2) , ranges = 57—41 
(±0 2) VI 1/20 volume in n/100 acetate buffer, contammg 1 per cent NaCl 
F M =47 (±0 2), range = 5 5 - 3 7 (±0 2) 

C Tryptic Digest of Fibrinogen —VIL 1/10 volume of fibrmogen (digested for 
1 hour with 1 10,000 trypsm) m n/ 50 acetate buffer F M = 4 5 (±0 2), range = 
49 - <37 
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D Plasma — VUL 1/20 volume m N/lOO acetate buffer, contflining 0 25 per cent 
NaQ FM - -4.7 (±0J),raiige - 5 1 - -U (zbOa) IX. 1/20 volume mN/100 
acetate buffer F.1L - 5.3 (±0.2), range - 6.3 — <3 7 X, 1/20 volume of pre- 
heated (53^C - mdpicnt turbidity) plasma m N/lOO acetate buffer FXI, — 5 2 
(±0 4), range - 6 1 — 4.3 XL 1/20 volume of plasma (digested for 1 hour ■mth 
1 100 000 trypam) mN/100 acetate buffer FJJ — 5J (±0 4),range - 6.3 — <3 7 

DISCUSSION OP DATA 

The pH check made on the final mixtures, m the case of senes V, is quite 
satisfactory At the most, there might be a correction of —0 1 pH, but this 
13 well withm the allowed limit of 0.2 pH, represented by the senes, and the 
alight correction may be neglected. 

The stable fibnnogen shows a FXI of pH =» S3 (±03) m electrolyte-poor 
buffer, but a prompt and dcaded shift to the aad (pH — 4 7, ± 03) on dou 
blmg the buffer strength or adding I per cent NaCL 
Preheating to 51“C (mapient denaturation), gave fibnnogen prcparatiODa 
which displayed exacUy Uie sama F M as the untreated fibnnogen, vis pH » 
S3 (±03) m salt poor buffer, and pH =* 4 7 (±0 2) m n/ 100 acetate containing 
03 or 1 0 per cent NaCL There was no appearance of any “second maximum,*’ 
although the experimental conditions with respect to buffer and salt concentra 
txons closely dupheate those under which WShhtch (15) rlaimed to show such 
appearance m crude fibnnogen preparations 
There was only enough material available for one experiment with trypauu 
1/10 volume of 1 1000 crystalline trypsm, actmg for an hour or two, rendered 
the fibnnogen solution Incoagulable by a thrombin, which gave solid clots in a 
fraction of a nunutc with the untreated and the preheated fibnnogen Trypsin 
has obviously produced fibnnogenolyaiB, but there is sufficient preapitable 
protem left m the dear mixture to give a marked turbidity in ten volumes of 
n/ 50 acetate buffer The lessened opaa^ of Vn as compared with m, and 
also the somewhat narrower range of turbidization, suggest a dumnutioa in 
total protem content, The FXI at pH =» 43 (±0 2) is not significantly 
different from that of the other fihrmogens 
The experiments with the Berkcfeld filtered plasma, from which the fibnno- 
gen had been prepared, and also tubrmtted to partial heat denaturation and 
tryptic digestion, agam indicate a single flocculation maximum at pH *■ 53 
(±03) in electrolyte-poor buffer and the usual shift to pH =>4 7 (±03) m 
n/ 100 acetate containing 0 25 per cent NaCl The turbidization techmque ig 
obviously unable to distinguish between the various plasma protem fractiona. 

On addmg 1/20 volume n/ 10 CaCl* to the 10 day old citrated plasma (an 
amount insufficient to produce coagulation), there was no change m the 
predpitation pattern (hence data omitted from Table I) On adding 1/5 
volume of n/ 10 CaClj dotting occurred m 15 mmulcs with prompt raersal 



612 


FLOCCULATION MAXBTDM (pn) OF FIBRINOGEN 


of turbidity m the tube (pH = 5 9) reached in the flocculation study The 
sohdification of the plasma, of course, prevented contmuation of the expen- 
ment There was an mterestmg fluctuation of the galvanometer deflection in 
the zone about the F M or clot occurrence, m both these experiments This 
IS probably due to hght dispersion by the sparse fibrin filaments formed 

Coagulation Data — Experiments X and XI were performed on plasma 9 days old 
The foUowmg clotting tests were run at 21 5°C , pH = 80 

1 1 0 cc plasma + 0 25 cc n/ 10 CaCb = sohd clot m 8J mmutes 

2 1 0 cc plasma + 0 25 cc n/10 CaCb + 0 1 cc bram thromboplastin = solid 
clot m 25 seconds 

3 1 0 cc plasma + 0 25 cc n/10 CaClj + 1 100,000 trypsin = solid clot in 3 min- 
utes 

4 1 0 cc plasma 1 100,000 trypsin (as m Expenment XI) = no clot in 24 hours, 
trace on 3rd day 

5 1 0 cc plasma 4- 1 100,000 trypsm (as m Expenment XI), recalcified (0 25 
cc N/10 CaCli) after 2 hours (i e at conclusion of Expenment XI) = sohd clot in 11 
mmutes 

These tests permit the foUowmg conclusions 

1 The plasma (9 days old) shows excellent preservation of its clottmg 
properties, mcludmg abundance of fibrmogen, prothrombm, and some thrombo- 
plastm (smce Ca salt alone is sufficient to mduce coagulation) 

2 The amount of trypsm used m Expenment XI is insuffi cient to cause any 
fibrm clottmg m the citrated plasma m the absence of added calcium 

3 Nevertheless, the longer time (11 mmutes) m test 5, as compared with 
clottmg time of 3 mmutes m test 3 (identical, except for the duration of exposure 
to 1 100,000 tiypsm), is good evidence that trypsm has exerted considerable 
digestive action on the clottmg agents (prothrombm and fibrmogen) 

Thus, Expenment XI (Table I) clearly deals with a protem rmxture, sub- 
jected to some tryptic digestion, without the occurrence of fibrm formation 
The extension of the flocculation range m both XI and Vn pomts to an effect 
of tryptic digestion on the precipitability of proteins in the acid region (pH 
below 4 0), which is not adequately studied with the buffer range employed, 
and which is obviously irrelevant to the question of a “second maximum” near 
neutrahty, namely, the problem under mvestigation 

COIEUENT 

The present material and methods offer an exceptional opportunity to secure 
much needed new data on alleged changes m the flocculation behavior of 
fibrinogen m buffered solutions of varymg salt content The failure to alter 
the precipitation pattern by mild thermal denaturation contradicts the findmgs 
made by earher observers with less suitable matenals, and questions the vahdity 
of analogies to denaturatmg ovalbumm and casemogen Fibrmogen which 
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haa been lysed by crystalline trypsin (to k)ss of coagulability with thrombm) 
8tni shows the same prcapitation behavior 
prom the present results it can be defimtely concluded that the procedures 
mentioned fail to cause the formatioa of any substance distmguishable by the 
flocculation techmque and the earlier reports must, therefore, refer to material 
which 13 not a “genuine ’ constituent of native or denatured or digested true 
fibrogen If Wbhhsch (15) is correct m drawmg a parallelism between hia 
“second maximum” substance and fibnn (or Apitz’s alleged ^rofibrm), this 
would seem to suggest that fibnn is actually formed under the experimental 
conditions with the crude preparations used. Knowing the ubiqmtous presence 
in such materials not only of prothrombm but also of tryptasc-Uke “thrombo- 
plastic enzyme,” which is entirely capable of activatmg the prothrombm to 
thrombm and hence producing some conversion of fibrinogen to fibnn, this 
suggestion becomes an experimental contingency which must be ruled out 
before any conclusions can be drawn as to possible relationships between de 
naturation and coagulation. The same contingent, that actual fibnn forma 
bon may proceed pan paszu with denaturation of fibnnogen, throws doubt 
upon many of the numerous experiments of the Wlirzburg school. The fact, 
for instance, that preheated fibnnogen clots more cjuickly with subsequently 
added thrombm, may be due merely to mopient coagulation by traces of throm- 
bin impunty, the formation of which (from prothrombm) is accelerated by the 
wanning At times, this evinces Itself in “spontaneous” clotting (indubitably 
fibnn) while on other occasions, because of the slow production of the traces 
of fibnn and subsequent fibrinolytic destruction by the same tryptasc enzyme 
(upon which the whole process depends), the fibrm itself is missed and one 
merely notes the detenoration of the fibnnogen preparation and the eventual 
loss of lU coagulabihty 

We beheve that conservative judgment, based upon obvious physical dif 
fcrcnccs, eg (o) appearance, gross and microscopic (espeoally dark. field), 
(6) solubflity relationships, etc (15), requires us to look upon fibrm formation 
as a specific phenomenon of the action upon fibnnogen of thrombm and a few 
unusual proteases (papam, certain venoms) It is w/ to be Identified with non 
specific processes of protem denaturation or digestion, although it is a matter 
of observation that all three processes may be simultaneously demonstrable m 
crude plasma and clottmg systems prepared therefrom It is very necessary 
that the biochemist and physical chemist have accurate knowledge of the 
factors mvolved m blood coagulation, and of the conditions under which thty 
may act, m order to establish entena of “piirificaUoa” of the individual proteins 
and eniymes, etc which may be mvolved The present study attempts to 
give significance to these matters, and the chance obtammg of a fibnnogen 
apparently free from prothrombin and protease impunties, affords a unique 
opportunity to secure the ated data, whidi obviously fail to support the thesis 
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of an observable common alteration m the precipitation pattern for at least two 
of the three processes mentioned Whether or not the entry of the third 
process (true fibrm clottmg) can explam the “second maximum” descnbed m 
the hterature is not completely proved by the above results, although the 
otherwise unsatisfactory experiments with recalcified plasma do suggest it It 
IS clear that when fibrm formation can be ruled out, denaturation or digestion 
are unable to ehcit the phenomenon m question 

Our flocculation maximum (pH = 4 7 dr 0 2) is m good agreement with the 
most rehable data m the hterature (15) The value of pH = 5 3 d: 0 2, m 
electrol)rte-poor buffer, is close to the figure (pH = 5 4) given by Stenhagen 
(14) for the “isoelectric pomt,” by cataphoresis, m the Tisehus apparatus In 
view of the evidence that we are workmg with an exceptionally reliable fibnno- 
gen, it may be suggested that a pH of about 5 4 represents the flocculation 
maximum m the salt^free condition, such as presumably obtains also at the null 
pomt dunng electrophoresis, owmg to the very great mobihty of salt ions as 
compared with the slow moving protem micelles Coincidence of the values 
obtamed by two such different methods is presumptive evidence that we are 
deahng at this pH, with the true xsoelecinc point of fibrmogen protem proper 

Other Uses of the Photoelectnc Colorimeter in Coagulation Research 

Some studies, similar to the foregomg, have been made on our Howell type 
prothrombin solution (5), before and after activation to thrombin In both 
cases, there was a smgle defimte “flocculation maximum” at pH = 54 (drO 2), 
with the rather small turbidunetnc value {cf Table I) of 10 0 scale umts The 
turbidity “range," m the weak protem solutions (not assayed), was pH = 
6 1-4 7 (d: 0 2), m both mstances The thrombic mixture consisted of 9 cc 
prothrombm solution + 0 5 cc CaCh (n/ 10) -f 0 5 cc of a very weak saline 
extract of frozen dog bram This thromboplastin solution (filtered), tested 
mdependently, had an mitial turbidity of 10 scale units, to which was added a 
low maximum of 5 umts at pH = 47 In all these experunents, the mixture 
consisted of 0 5 cc of crude protem fl- 9 5 cc n/100 acetate buffer 

Baldes and Nygaard (1) have developed a “coagelometer” on principles 
which differ m no significant particular from the Evelyn apparatus, as used to 
measure relative turbidities m the manner above descnbed ^ By successive 
readmgs after the addition of thrombm to fibrmogen, the kinetics of the second 
phase of clottmg (=fibrm formation) can be followed accurately, from the first 
turbidity appreciable to the photoelectnc cell to the completion of the process, 
mcludmg late fibnnolysis (if any) 

In some crude tests usmg plasma, mstead of fibrmogen, we noted that the 

1 The addition of a photographic unit to obtam a continuous record of the gal- 
vanometer deflection is the one noteworthy difference in the Nygaard apparatus 



JOHN H FEEOUSON 


615 


opaaty took, so long to develop a that the quantitative mcasure- 

menta of relative turbidity axe subject to a complex evaluation of the expen 
mental conditions* However, tnih a J 10 saltM dtlulwn oj piasma^ the onset 
of clotting B sharp and a definite “maxunmn” is readied within a minute or 
two On adding serial quantities of the above stable fibrinogen solution to this 
diluted plasma and then clotting the mixture with thrombm, the maximum was 
foimd to increase significantly with as Uttle as 1/50 volume of added fibnnogen 
solution Under the ated conditions, therefore, jt is possible to measure onc- 
fiftieth of 0.375 per cent fibnnogen, IS mg in 100 cc , a rttnaikablt degree 
of sensitivity for a protem assay Without entenng into a discussion of the 
applicabflity of such a technique, and tl^ validity of the necessary tianderds of 
reference, it is obvious that the Evefyn mstrument has a special field of useful 
ness m turbidimetnc (nephelometric) assays of many kinds* 

It IS doubtful whether the turbidimetnc tming of either onset or completion 
(solid gel) of fibnn dotting is significantly better than with simple visual means, 

suuuaRV 

By means of a novel adaptation of the Evelyn photoelectnc colorimeter to 
the measurement of relative turbuhties, the question of the flouulaltcn mext 
mum (F.M ) m acetate bufier solutions of varying pH and salt content has been 
studied on (a) an exceptionally stable prothrombin free fibnnogen and its 
solutions after inapicnt thermal denaturation and mcomplete tryptic proteoly 
SIS, (6) plasma, similarly treated, (c) prothrombm, thrombm, and (brain) 
thromboplastin solutions 

All the fibnnogens show a remarkable uniformity of the preapitation pattern, 
vtz F.M “4 7 (ztO 2) pH m salt-containing bufier solutions and pH « 5^ 
(±0.2) m salt poor buffer (u/lOO acetate) The latter approximates the iso- 
cUctnc potni (5 4) obtained by cataphoresis (14) There is no evidence that 
denaturation or digestion can produce any ^'second maximum * The data 
support the view that fibnn formation (under the specific influence of thrombm) 
is mtnnsxcally unrelated to denaturation and digestion phenomena, although 
all three can proceed simultaneously m crude matenals A cnliaam Is offer^, 
therefore of Wbhhsch's blood clottmg theory 
Further applications of the photoelectnc colonmeter to coagulation problems 
are suggested indudmg kinetic study of fibrm formation and the assay of 
fibnnogen, with a possihlc sensitivity of 7S mg protem m 100 ce solution 
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THE PRESENCE OF AN ENDOGENOUS RESPIRATIO^J IN THE 
AUTOTROPHIC BACTERIA 

Bt K. G VOGLER* 

{From iks Depcrimtnt of Agnadlurol Badenology, UttixenUy of Wuconstn Maduon) 
(Received for publication, November 7, 1941) 

ThtcbaaUus thiooxxdam (Waksman and Joffe, 1922), one of the few stnctly 
autotrophic bacteria known, waa choaen for a study of the metabolism of 
chemosynthetic cella. The chemosynthetic mechanism and other possible 
enzymatic reacUons in such cells have not been studied extensively Whereas 
the general reactions furnishing the chemical energy arc known (Starkey, 
1925) find data on energy efficiency m gr o wing cultures are available (Waksman 
and Starkey 1923) , no indications have been obtained thus far as to the nature 
of the metabolism of the cells. 

The requirement of the specific nutrient (m this case sulfur or thiosulfate) 
for the growth of autotrophic bacteria has led to the conclusion that the 
metabolism m this fonn of life Is not comparable to that of heterotrophic 
organisms, that the chemosynthetic mechanism is a unique process furnishing 
the cell with all necessary materials derived m a different manner than m 
heterotrophic forms. The Inability of this organism to grow on an> organic 
media yet devised lends considerable support to this contention, and one aught 
therefore conclude that the energy released by the oxidation of sulfur (or 
thiosulfate) is coupled to the synthesis of cell material, but that the energy 
supply of the organism is directly dependent upon the specific material andized 
Bflmeke (1939) has gumma nzed the pertinent htcrature concerning the mtnfy 
mg bacteria and pomts out that this viewiwmt is the one stressed m most 
standard textbooks 

It seems probable, on the other hand, that m nature the sulfur-onduing 
bacteria must be able to hve for some tune m the complete absence of the 
specific nutrient. And this would lead one to believe that the chemosynthesis 
supplied the cells with organic storage compounds, the breakdown of which 
furnishes the energy of mamtenance of the organisms and enables thi-m to 
survive for penods during which the specific nutrient is absent la this 
concept the autotrophic bacteria would be considered closely related to the 
photosynthetic plant, in which a storage of carbonaceous materyd occurs 
during illummation and a utilization of that material place in Hn-rfenrs'* 

* Research assistant This work wta lupixirted by the Wisconsm Alumni Retetxch 
Foundatioii. 
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Bomeke (1939) has recently been able to show that a definite oxygen uptake 
may be observed m pure cultures of mtnfying bacteria in the absence of the 
specific nutnent This endogenous respiration is exceedingly low and requires 
long penods of observation 

Apparently cntical evidence which would distmguish between the two con- 
cepts of autotrophic growth mentioned above would be proof that the en- 
dogenous respiration observed is due to the utilization of stored materials and 
IS not dependent upon the incomplete removal of the specific nutnent It 
IS the purpose of this paper to provide such evidence for Thiobacillus thiooxtdam 
and to describe bnefly certam modifications m methods of study which are 
necessary to obtam satisfactory information from this orgamsm 

Methods 

The techmques of growmg this organism and the preparation of “restmg cell” 
suspensions have been previously descnbed (Umbreit, et al , 1941) Bnefly, they 
consist of growth of pure cultures on sulfur m a purely mmeral medium, filtration 
of the unused sulfur through cotton, centrifugation of the filtrate m a Sharpies cen- 
trifuge, and washing of the centrifuged cells in buffer or distilled water Rather 
large quantities of media are required to provide sufficient cells for study and under 
present conditions of culture approximately 5 gm (wet weight) of cells are obtamed 
from each 100 hters of medium 

Suspensions of Thtobactlkts thuioxidans prepared m this manner show a measurable 
oxygen uptake without added sulfur The Qo,(N) (microhters of oxygen per milh- 
gram of bactenal mtrogen per hour) of this endogenous respiration is relatively 
constant with each suspension although it varied from suspension to suspension be- 
tween the ranges of 10 and 40 The vanation among rephcates is usually within 
the accuracy of the instrument (Warburg apparatus) and these cell suspensions can 
apparently be treated m the same manner as “restmg cell” suspensions of heterotrophic 
bactena 

Addition of sulfur to such suspensions mcreases the oxygen uptake from 20 to 100 
tunes even in the absence of CO 2 (KOH m Warburg flask) However, rephcates 
now exhibit a very marked vanabihty, at times apparently identical flasks exhibited 
vanations of over 50 per cent of the average value Moreover, the Qoi(N) after 
the addition of surfur does not remam constant but mcreases markedly over a period 
of about 4 hours under our usual conditions, at which time it tends to become con- 
stant, although occasional intervals may show some vanation This effect is illus- 
trated m columns 1 through 4 of Table I The oxygen uptake per 30 mmute mterval 
rises rapidly which causes a comparable nse in the Qoj(N) The tune requured for 
ma-nmiim oxygen uptake vanes markedly with the concentration of the organism 
and tends to be much shorter i\hen dilute suspensions are used 

After some study it became apparent that the major cause of these vanations was 
the necessity of direct contact between the sulfur particle and the orgamsm (Vogler 
and Umbreit, 1941) The inconsistent results observed m the oxidation of sulfur 
seem to be caused by a vanabflity in the time necessary for the cells to form actual 
contact with the sohd sulfur This tune is easily mfluenced by a number of acadental 
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factors, the distnbution of sulfur ou the surface oi the suipensxon, the amount of 
sulfur sinking to the bottom, the formation of clomps, etc. Such vanabihty, how 
ever, senoualy limits the value of the Warburg technique in the study of this oxidation 
so that studies were directed towards methods of reducing the variabflity 

Methods which give satisfactory results m the oxidation of sulfur consist of mixing 
the bacterial suspension, the appropriate buffer, and a suspension of very finely divided 
sulfur (such 03 that remaining after the growth of the organism) These arc m 
cubated for at least 4 hours and immediatdy before use the pH is adjusted to the 
proper value with as little disturbance as possible. An ahquote of this material is 
pl fl^ m the Warburg flask and after equilibration the rates of oxygen uptake are 


TABLE I 

Oxji*n Upiakt by TUobaciiUa tMi^oxidans on Suifvr 



LS cc. suspenskm 6 (0.21 mg. N/cc.) li> cc. 10 cc. suspension B 3 (0A8 mg H/cc.) 10 cc. 
ji/10 KH 1 PO 4 (pH 4J) 100 mg. powdered u/10 KHtP 04 (pH 4J)) 10 cc. sulfur sia- 
tolfur on surface (temperature 2S°C ffOH pensiOD (0.207 gm. S/cc.), incubated 20 hr*, 
in flask) 28*C. pH readjusted to 4.0, nwla to 50 cc. 

with water, 4 cc. per Warburg flask (temper 
ature 2S*C. EOBQ 

determined These values should be relatively constant in a series of replicate 
flasks. Furthermore, since In a given flask the rate of oxygen uptake per umt time 
is constant, the effect of a variety of materials upon the oxidation could be studied 
by tipping these materials from the side arm and noting the change in rate of sulfur 
oxidation. 

The protocol of a typical c:q>etiment «dng this type of technique is shown in columns 
5 through 8 of Table I In which the relative constancy of oxygen uptake per umt 
time IS evident. The Qoi(N) on sulfur while tending to remain relativdy constant 
for each suspension varies markedly from suspension to suspension. This, of course, 
Is a reflection of the number of Uving oil* m each suspension which tends to vary 
somewhat- The values for Qoi(N) given m Table I are not claimed to be rrvxiTnnl 
values and undoubtedly much larger ones may be obtained after more knowledge 
of the growth conditions and the respiration of the organism Is available, Certam 
suspensions have been obtained which yidd Qo«(N) values approaching 2000 
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Evidence for Endogeimis Respiration 

Proof that endogenous respuration is due to the utihzation of organic materials 
and is not due to traces of sulfur m the suspension is possible from evidence 
outlmed below 

Most suspensions when first prepared are not entirely devoid of sulfur and 
if they are mcubated anaerobically some HoS is produced This is beheved 
by Starkey (1937) to be due to the reaction of glutathione (or sunilar com- 
pounds) m the cells with elemental sulfur If cultures are allowed to proceed 
until all of the sulfur is utilized (“starved suspensions”), or if the cells are 
carefully washed and aerated rapidly for the first few hours after preparation, 
the production of H 2 S on anaerobic mcubation can be e limina ted and these 
suspensions may be regarded as free from sulfur However, it is impossible 

TABLE n 


Endogenous Respiraiton of Thtobacillus thvooxidans 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Tune 

Oiygen 

used 

Qo,(N) 

CO, 

liberated 

EQ 

Time 

Oxygen 

us^ 

QftOT 

CO, 

liberated 

E Q 

mxn 

muroltter] 


mtcrol tiers 


mtn 

mtcroltUrs 


muroltUrs 


80 

13 8 

34 

13 6 

0 98 

60 

19 6 

63 

9 3 

0 47 

210 

24 7 

22 

24 4 

0 99 

120 

36 2 

58 

19 2 

0 57 

270 

32 8 

23 

34 4 

1 04 

190 

62 0 

63 

29 0 

0 47 






270 

86 1 

62 

75 0 

0 87 


1 5 cc suspension 6 (0 21 mg N/cc ), 1 5 cc Same, except trace of sulfur added 
buffer, pH 4 6, 1 0 cc HiO per flask (temper- 
ature 28°C ) 


to be sure that every trace of sulfur has been ehnunated Preparations made 
either by aeration or “starving” show an endogenous respiration m the absence 
of added sulfur of the usual magmtude (Qoj(N) 10-40) 

If KOH be left out of the Warburg flask, and that respiration compared 
with rephcates contaming KOH, there is evidence that CO 2 is produced dunng 
the respiration The R Q so obtamed is close to 1 0 Data for a “starved” 
suspension are given m columns 1 through 5 of Table II while columns 6 
through 10 record the action of the same suspension given a trace of sulfur 
In the first case the Qo,(N) is within the usual range, and the R Q 's are about 
1 0 When a trace of sulfur is added, the Qo,(N) mcreases beyond the usual 
value and the R Q drops to about half its former value, both phenomena are 
explamable by the oxidation of the small amount of sulfur added The pro- 
duction of CO 2 , however, regardless of its relative quantity with respect to 
the oxygen utihzed, provides evidence of the utilization of orgamc materials 
Oxygen uptake nught mdicate sulfur oxidation, but CO 2 , could only come from 
carbon materials 
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It is possible to differentiate the endogenous respiration from that on sulfur 
by means of certam inhibitors of which sodium ande is a striking example It 
13 evident in Table III that the endogenous respiration cannot be due to traces 
of sulfur remaining since no inhibition u evident even at very high concentra 
tions of the inhibitor Proof that the observed endogenous respiration is 
due to TInobiUiUus thtooxidans and not to possible heterotropbic contaminants 
may be obtained from the following considerabons The organism is grown 
and harvested atapHoflOtol^ which effectively eliminates most con 
tammants except yeasts ftnH molds The endogenous respiration observed 
to be independent of the pH and )U magmtude is the same at pH 4^ 
riT\A at pH 2 0, a character which is most surprising were it due to a con 
tarmnant Finally, glucose may be added to such endogenous suspensions 
without detectable effect upon the oaygen uptake over a period of at least 8 
hours (pH 4 8), so that the respiration observed cannot be due to heterotn^hic 
contaminants but must be due to the autotrophic boctenum (Glucose 


TABLE m 

Tht StUetTH InkHdtian of Stdfuf Ondoticn by Sodt*tm AtuU 


ConocDtnrba of sodhus uido 

io-*« 


lO-*u 

XcHbitusQ of rilfur oiidatiop, por ceid 

96 

90 

60 

InhibitkiQ of endogeoom respiration per uni 

0 

0 

0 


cone. 0 per cent, Qo,(N^ *13, 0 5 per cent, 40, 1 0 per cent, 38, 2 0 per cent, 44, 
4 0 per cent, 37, and 5 0 per cent, 41 ) Bdmeke (1939) after surmounting 
very great techmcal difficulties, reached the mme conclusion for NxtrobocUr 
and Niirosomanas 

Proof that the respiration observed is yielding energy for the cell can only 
be obtained indirectly Suspensions which are to oil intents sulfur free survive 
at refrigerator temperatures for relatively long periods (several weeks at 
least) During that time these suspensions have motile forms they im 
mediately begm to oxidize sulfur when U is supplied to them, and they con 
tinually liberate COj There is, therefore, bttle doubt that the oxidation of 
the organic materials within the cell is coupled to the energy needs of the 
surviving organism 


STJMitAiY AND CONCLUSIOVB 

It IS shown that there exists in the autotrophic bacterium ThtviaalJus 
thujoxtdaTis a measurable oxygen uptake m the absence of the specific nutrient 
(sulfur) This respiration is shown to be due to the utibzatjon of organic 
materials which must have been previouily synthesized by the chemosyn thebe 
process, providmg evidence that autotrophic bacteria contain a dissimilatory 
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process which involves the breakdown of organic materials and furnishes 
energy for the mamtenance of the ceU during penods in which the specific 
nutnent is absent This is entirely m accord with the work of Bomeke (1939), 
who provided similar types of proof for Nttrosomoiias and Nitrobacier One 
may conclude, therefore, that autotrophic bacteria possess an endogenous 
respiration which mvolves the utiliaation of previously S 3 Tithesi 2 ed organic 
materials 
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THE EFFECTS OF HYDROGEN ION CONCENTRATION OTON THE 
METAMORPHIC PATTERN OF THYROXIN- AND 
lODIJJE-TREATED TADPOLES* 

By FRANCIS N ilARZULLI 

{Ffom the Zcclotxcal Laboratory t Johns Hopkins Unversiiy, SaUimore) 
(Rccfavcd for publicatkm, Novtmbcr 24, 1941) 

L HiTSLODDCnON 

The effects of external factors upon the metsunoiphosiDg action of thyroxin 
have been but little studiedL There have, however, been several papers tending 
to indicate that certain chemical compounds have an inhibiting effect on the 
activity of thyroxin •while others accelerate It. Thus Zondek and Reiter (1923) 
reported that tadpoles Uvmg m water which contains CaClj m a concentration 
of 1 part in 2000 arc much leas affected by thyroxin m the solution (1 part m 
20,000^)00) than ore tadpoles living m ordinary tap water On the othcrhand, 
they found that KG m concentrations of 1 part in 2000 tends to accelerate the 
action of thyroxin These experiments have, however, been repeated by 
Kosmin and Resmcenko (1927), Hellwig (193^, and Rosen (1938) and no 
such effects with CaOa and KG have been obtained 

Abchn (1923) reported that the action of thyroxin is sometimes inhibited 
by disodium phosphate but found no effects with sodium acid phosphate. He 
concluded that the POT ion is responsible for the inhibition. 

This matter was taken up by Rosen (1938) who demonstrated that the im 
portant factor m all of the above cxpenments is the relative acidity of the 
envuomnentai solution. Inhibition or acceleration of the effects of thyroim 
15 dependent upon the hydrogen wn concentration in the cnviroamental solu 
tion rather than upon the particular ions present. Rosen placed tadpoles m 
solutions containing the following ions m various combinations Na'*', POT , 
Cl- cor"", Ca++, OH-. C»H%OT, and CjHjOT The compounds 

used were NajHPOi, NaHiPOi, NojPO*, HCl, CaCOj, NajCOj, NaHCOj, 
llg(OH) 5 , HC 1 H 4 O 7 , HCjHjOj. By cmpbying these compounds at vurious 
concentratKms, a range of hydrogen ion concentrations from pH 4.8 to pH 11 0 

•I wish to express my smcerest appteoaUon to Dr W G Lynn •who suggested 
the problem and helped considerably In the guidance of the expenmental woik. and 
the preparation of the nunusenpt. 
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was obtained It was found that, with the same concentration of thyroxin 
present m all cases (1 20,000,000), tadpoles showed greatest signs of meta- 
morphosis in the solutions with the lowest pH values and least signs of meta- 
morphosis m the solutions with the highest pH values At mtermediate values 
the effects were intermediate 

These experiments were earned out on very small groups of tadpoles, only 
SIX or seven animals bemg used for each test, and the experimental period was 
only 5 days The results were not expressed quantitatively, no measurements 
of weight or hmd limb length havmg been made However, Rosen presents 
photographs of three a n i ma ls from each experiment and, smee he used a rapidly 
metamorphosmg form {Ratia sylvahcd), the differences are sufficiently well 
marked to clearly support his general conclusion that "Acidity accelerates 
and alkalimty retards the metamorphosmg action of thyroxm on tadpoles ” 

No hypothesis has been advanced to account for this observation but it 
would seem that several possible factors must be considered Smee the 
thjrroxm, when administered m this way must pass through the skm, or other 
epithehal walls before it can exert its influence, some effect of hydrogen ion 
concentration upon the permeabihty may be of importance On the other 
hand, it is conceivable that the thyroxm itself is altered by changmg hydrogen 
ion concentration, either by changes m its chemical nature, potency, solubihty, 
or degree of dissociation 

The present experiments have been designed m an attempt to obtain some 
information concermng these vanous possibilities It is clear that, if per- 
meabihty IS a deasive factor, then parallel experiments with the thyroxin 
mjected mto the ammals rather than administered through the surrounding 
solution should reveal this fact Two types of mjection experiments are 
possible (a) The mjection of thyroxm at different hydrogen ion concen- 
trations with the environment at a constant hydrogen ion concentration (Z>) 
The mjection of thyroxm at constant hydrogen ion concentrations mto tadpoles 
hvmg m solutions of different hydrogen ion concentrations The results of 
these mjection experiments can show whether, m Rosen's experiments, hydro- 
gen ion concentration affects the rate of penetration of thyroxm or whether it 
affects the potency of thyroxm If there is no effect of hydrogen ion concen- 
tration m both of these mjection experiments, we can assume that m Rosen’s 
experiment, hydrogen ion concentration affects the rate of penetration of 
thyroxm And if there is an effect of hydrogen ion concentration m both 
of these experiments, then Rosen's experiment can be explamed on the basis 
of change of potency of thyroxm due to change of hydrogen ion concentration 

The problem has been studied quantitatively for both thyroxm and lodme 
The use of lodme seemed desirable m view of the great differences m the mole- 
cules of thyroxm and lodme If the effects of hydrogen ion concentration upon 
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thyiozm are m any way connected with its chemical nature, then they should 
not be eipected to hold in the case of parallel espcnments with Iodine 

The problems with which the present expenments are concerned can be 
summarized briefly as follows 

1 Axe the potencies of tbyronn and iodine affected by change in hydrogen 
ion concentration, , does change m hydrogen ion concentration affect the 
potency of the mducmg substances which are m}ected directly mto tadpoles? 

2 Are the membrane-penetrating powers of thynmn and iodine affected 
by change m hydrogen ion concentration? Docs a change m hydrogen ion 
concentration affect the rate of penetration of an inducing substance which 
IS present m the environmental solutions of tadpoles? Do inducing substances 
penetrate tadpole membranes more easily at one hydrogen ion concentration 
than at another and if so, why? 

3 Do thyroxm and iodine have similar mducmg effects m these experiments? 

4 Are solubflity, degree of dissoaatioii, size of molecule (properties which 
are conceivably changed by hydrogen ion concentration changes) mvolved in 
the mduction of metamorphosis? 

II and Mcihodt 

Tadpoles of ffanacolei&toAd were used mall the experiments They were collected 
from the various ponds on the campus of The Johns Hopkins tTniversity and the 
vicinity of Baltimore, but all animals used for a single experiment were taken from a 
Mngle poudL Dunng the winter months, several hundred animals which had been 
collected from the same pond during the fall were kept in a large aquanum and used 
as a storage supply Before each experiment was begun, the were acclima 

tizcd m the laboratory lor 1 day m tap water Since the hmd hrnh*. axe extremely 
smceptible to Inducing effects CKoUman, 1919, and Etkin 1932, 1935) and can be 
measured very eaajy, they are an excellent entenon for the degree of metamoipbosis 
and they have been used as sack in these experiments The to be measured 

were laid on a wet towel and the right hind Umb was meacured with a pair of calipers 
to the nearest tenth of a mUnmetet 

In most of the experiments comparisons were made among flve sunilar groups of 
animals, each group consisting of nine ■nimak which had hind limbs of varying 
degrees of development. Because the hind Umb response to an induang stimulus 
differs according to the mitial aixe care was taken to select the animals in these groups 
so that all of the five groups were strictly comparable In length of hind hmb 

The animals were distributed so that three were put mto each of fifteen finger 
bowls. This was done to avoid crowding In the bowls and because, with three am 
mab of different length of hind limbs in a bowl identification of individual arnm^iU 
was readily made. 

From the above description, It is seen that compansons of response can be made 
between animals having the same length of hind limbs, but recervong different treat 
ments Smee there are individual variations among animals, conclusions are drawn 
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from the comparison of the average response of nme animals receivmg a certam type 
of treatment with the average response of a similar group of mne animals receiving a 
different type of treatment 

In some experiments, the mducmg substance, thyroxin or lodme, was contamed m 
the environmental solution while m others it was mjected directly into the animals 
The hydrogen ion concentration of environmental solutions and injected matenal 
was varied independently 

For injectmg mto the tadpoles the mducmg substances used m the experunents, a 
hypodermic needle was introduced mto the nght body wall, at the pomt where the 
tail joms the body and about 1 nnlhmeter dorsal to the hmd hmb The needle was 
pushed antenorly into the coelom, where the flmd was emptied 

Fresh stock solutions of thyroxm or lodme were made up for each expenment 
The thyroxm was made up by dissolvmg 10 mg of thyroxm m 2 cc of 0 In KOH and 
diluting with 98 cc of distilled water This produced a solution contammg 1 part of 
thyroxm m 10'* parts of water The lodme stock solution contamed 0 254 gm of 
iodine m 40 cc of 86 per cent alcohol, makmg a 0 025 m solution of iodine In the 
experiments, these stock solutions were diluted to the desired concentrations with tap 
water (See individual experiments ) 

The solutions m which the animals were confined, designated as environmental 
solutions, were changed daily This was done both m experiments m which the 
environmental solutions consisted of tap water and those m which it consisted of buf- 
fer solutions In experiments calling for environmental solutions at different hydro- 
gen ion concentrations, very dilute Mcllvane (disodium phosphate-citnc acid) buffers 
were used between pH 4 and 7 5 and Kolthoff and Vlesschhouwer (soda-borax) buffers 
were used at pH 8 5 

These buffer solutions were made up m lots of 2400 cc Thyroxm or iodine was 
added to the buffer solutions, gi'vmg a solution whose hydrogen ion concentration and 
th'VTOxm or iodine content were known The 2400 cc of buffer solution containing 
thyroxin or lodme were distnbuted into each of three finger-bowls so that there were 
800 cc of solution m each Hydrogen ion concentrations were ascertained by means 
of the type K modification of the Leeds and Northrup potentiometer, using the 
qumhydrone electrode 

The first group of experiments, essentially six types, were performed as 
follows 

A Experiments m which ammals were mjected with 3/20 cc of thyroxm solution 
(1 part m 10‘) at various hydrogen ion concentrations, the environmental solutions 
being unbuffered tap water (average pH 6 9) 

B Expenments m which animals were kept in solutions buffered at different 
hydrogen ion concentrations and injected with 1/5 cc of stock solution thyroxm (pH 
8 7) 

C Expenments in which anunals were kept m environmental solutions buffered 
at different hydrogen ion concentrations and contauung 1 part of thyroxin m 8 X 10® 
of solution 
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D E^jennaenta m ■whida an^maK injected 5/32 cc. o£ 0 0008 u lodme 
solutions at various hydrogen ion concentiations, the environmental solutions being 
unbuffered tap water (average pH 6^) 

E Expenmcnts m ■which arnwiflU were kept m solutions buffered at different hydro- 
gen Ion concentrations and mjected with S/32 cxx of 0 0008 u iodine. 

F Expenments in ■which ■Tumatg were kqit m environ mental solutions buffered 
at different hydrogen lon concentrations and containing 0 000 006 25 ii Iodine. 

It will be seen that these six types of experiments provided, for both iodine 
and thyroxin, three general modes of treatment (1) environmental solutions 
at constant hydrogen ion conccntratioD, Inducing agent mjected at different 
hydrogen ion concentrationa;^ (2) environmental solutions at different hydrogen 
ion concentrations and containing the inducmg ag^t in solution, (3) en-viron 
mmtn! solutions at different hydrogen ion concentrations, inducing agent m 
jected at constant hydrogen ion concentration 

A second group of expenments was performed to further mvesbgatc and 
clanfy these findtrigR. Individual variations in the methods employed ac- 
company the experiment m question 

No untreated controls were included m the experiments, since the only pur 
pose was to compare the effects of various hydrogen ion concentrations on 
induced development and amcc natural growth over such short periods as were 
mvolved in the expenments is too small for measurement. 

m. EJCPEBJMENTAi 

In early expenments it became apparent that the mcrease m length of hmd 
Innb shown by a tadpole under a given treatment, 'vaned considerably depend 
ing upon the miUal length of the hind limbs 111113 tadpoles with an initial 
difference of 1 or 2 mm. in the length of the hind limbs show strikmgly different 
responses to the same treatment Smee the vabdily of the e^ierunents is 
dependent upon measurements of bind jimb growth as a criterion of the effee 
tiveness of the treatments used, prelimnmry expenments* were performed to 
ascertam just how far such imtial differences might affect the results 

The results of these experiments, the data of which are not given here, show 
clearly that a very close relationship docs exist between the response of the 
hind hmha and their initial (The coeffiaent of cotrelation was found to 
be 0 91 m one experiment and 0.84 in another ) It was therefore necessary, 
in all Uter expenments to select very carefully animals with exactly the same 

^ In this connection, no claim Is made that a substance injected at a particular 
hydrogen ion concentration remains at that hydrogen ion concentration after being 
injected mto the animal. As will be seen from the eiperuncntal results, a sub- 
stance sometimes docs differ In Its effects when injected at imtUUy different hydrogen 
ion concentiations. 
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imtiai length of hind hmb m order to insure strictly comparable results m all 
experiments 

A. The Ejects of Injection oj Thyroxin at D-iverse Hydrogen Ion Concentrations 

(a) Procedure 

On Jan 9, 1940, a set of experimental animals having hind limbs ranging from 
3 0 to 6 0 mm "was injected with thyroxm buffered at various diverse hydrogen ion 
concentrations Five groups of mne ammals were used as explained under Materials 
and methods The members of the vanous groups were injected mth thjroxin 
solutions buffered at pH 4 5, 5 3, 6 7, 8 0, and 9 0 
On Jan 16, when one ammal died, the experiment was terminated and the limbs 
of all ammals were measured The results are given below 

TABLE I 


The Increase after 7 Days «> the Length of Etnd Lvnbs of Tadpoles Injected v>ilh Thyroxtn at 

Ih£erent Hydrogen Ion ConceniraHons 



Increase m length 

Initial length 

fH'*'} m pH units of thyroxin solutions injected 

1 

4 5 

S 3 

6 7 

8 0 

9 0 

wm 

tnm 

tnm 


mm 

mm 

6 0 

S 8 

5 7 

5 9 

5 6 

5 8 

5 0 

4 8 1 

4 8 

4 6 

5 2 

5 2 

3 8 

4 8 

4 3 

4 6 

4 4 1 

4 9 

3 2 

4 1 

4 2 

3 9 

3 9 

4 2 

3 2 

4 1 

3 9 

3 0 

3 5 

4 0 

3 1 

! 3 8 

3 7 

4 I 

3 6 

3 9 

3 0 

1 3 8 

1 3 3 

3 8 

3 7 

< 3 7 

3 0 

i 5 0 

I 3 2 

3 0 

3 3 

3 0 

3 0 

3 0 

3 0 

3 2 

3 2 

3 0 

Average 

4 2 

4 0 

4 0 

4 0 

4 2 


(b) Results 

Table I shows that there is no significant difference in the response shown by 
the animals which received these different treatments Thus the response of 
the tadpoles to injected thyroxm is not dependent upon the hydrogen ion con- 
centration of the thyroxm solution mjected, and it appears that the potency of 
the mducmg substance m this experiment has not been affected 

B The Ejects of Varying the Hydrogen Ion Concentration of the Envirmmtnt 
and Injecting Thyroxin at Constant Hydrogen Ion Concentration 

(a) Procedure 

In these experiments the hydrogen ion concentration of the environment was 
varied and that of the thyroxm mjected mto the animals was the same for all animals 
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All flmmaU wdc injected with 3/20 cc, ol I part in 10* thyroim (pH 8 7) and put into 
cavuonmeDtal solutions with varying hydrogen ion concentauoM One eipeiiment 
was started on Dec, 5, 1939 and was conduded on Dec, 11 The initial kngth of 
the hind hmVw m this expenment varied from 3 4 to 5 9 mm. 

A second expenment perfonned May 7 to ll, was earned out on younger nmmals 
with hmbs ranging from 2.1 to 3.2 mm In length. 


TABLE n 

TJb IncridsM afUr 6 Days in Lenpk oj Eini, Ltat&t oj Lsxiai Solalions of Di^otsU 

Bydrotjos Cxnscsninilono and InjuUd wifi Thynxxn 


TirltUl Ukelh 

liKn*M lb 

^ { (d tbtiiOBmtaUl vahtfaoi l« pH mdct 

4.4 

1 


T 4 


Ml, 

AS, I 


MB. 

Ml. 

M. 

5 9 

3 0 1 


5 7 

5 3 i 

5 4 

5 2 

S 5 


3 7 

5 S I 

5 5 

4 9 

4 4 1 


4 2 

4 3 i 

4 3 

4 6 

5 4 

5 1 

5 3 

5 0 

4 9 

4 2 

4 7 1 

4 2 

4 5 I 

4 d 

4 2 

4 0 

4 7 1 

3 4 

4 0 1 

4 1 

3 4 

3 8 

3 8 ' 

4 2 

3 7 ! 

4 1 

4 0 

3 7 

4 1 

4 4 

5 4 

5 5 

3 2 

3 4 

3 4 

3 5 

3 8 

3 5 

3 5 

Average 

4 6 

45 

1 ■* ^ 

4 7 

4 5 


{b) Results 

The results of Experiment 1 given in Table II show that the average increase 
m the vaiioualy treated ammalB a fairly constant Expenment 2 gave similar 
results. Thus it appears that the hydrogen ion concentration of the enviion 
ment has no effect upon the response of tadpoles to equal quantities of injected 
thyroxin 

C Th* Effect of EnsnronmcnUil Soiuiiom Baving Dtverse Hydrogen Ion Conccn~ 
traiwns upM the Inducvig Aetton of Tbyronn t» SoluUcn 

(o) Proetdure 

This expenment was performed Apnl 27 to May 4, 1939 The length ol the 
limbs ranged from 1 7 to 3 J mm In this experiment the members of nrh group 

did not conespond exactly m length of hind hmb at the start of the expcruncDL The 

averages for each group, however were the same. The nntmaK were kept for 7 days 
in solutions containing thyroxm (i part m 8 X 10* solubon) bufleri at diverse 
hydrogen ion conccntrationa. 
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TABLE m 

The Increase after 7 Days tn the Length of Hind Lwib of Tadpoles Lmng m Thyroxin Solutions 
at Different Hydrogen Ion Concentrations 



Limb lensth 

Average 

increase 




mm 

mm 


mm 

mm 


mm 

mm 

mm 

mm 


4 2 

Imtial 

•3 3 

2 9 



2 5 


2 1 

2 0 

i 7 




Increase 

6 0 

3 1 



3 6 


2 6 

2 4 

2 2 

3 6 


5 2 

Imtial 

3 2 

2 9 



2 5 


2 1 

1 9 

1 7 


[H+] of environ- 


Increase 

3 0 

3 3 



2 2 


1 8 

2 2 

2 0 

3 2 

mental solution 

6 6 

Imtial 

3 1 

2 8 

Q 

2 7 

2 4 


2 2 

2 0 

1 7 


in pH units 


Increase 

3 8 

3 9 


3 1 

3 6 


3 0 

2 4 

1 8 

3 1 


7 4 

Imtial 

3 2 

2 9 

2 7 

2 7 

2 6 


2 2 

1 8 

1 7 




Increase 

3 9 

4 0 

3 7 

3 8 

3 6 

BBS 

2 3 

1 5 

1 d 

2 9 


8 8 

Imtial 

3 3 

2 9 

2 7 

2 7 

2 4 


2 2 

1 9 

1 7 




Increase 

3 7 

3 3 

3 0 

2 1 

2 3 


1 9 

1 4 

1 3 

2 4 


(6) Results 

It can be seen in Table HI that the greatest average increase in hind hmb 
length occurs in the animals hvmg in the more acid solutions Since the re- 
sponse to thyroxm is proportional to the amount which the animal receives 
and since it is independent of the hydrogen ion concentration of the thyroxin 
solution of the environmental solutions (experiments of Sections A and B), 
then m these experiments the effect of hydrogen ion concentration must be 
m regulatmg the amount of thyroxin which enters the animal body 

Large amounts of water pass m and out of the tadpole body through the 
mtegument and animal membranes This experiment mdicates that the 
hydrogen ion concentration of the solution m which the tadpole is hvmg in 
some way affects the rate of passage of th3rroxin through the mtegument and 
animal membranes 

Thus the greatest passage of thyroxm mto the animal occurs at the higher 
hydrogen ion concentrations (lower pH values) 

D The Effects of Infection of Iodine at Different Hydrogen Ion Concentrations 

(a) Procedure 

These experiments are hke those outlmed m Section A, but iodine is used mstead 
of thyroxin On Feb 6, 1940, the experimental animals were injected with lodme 
at various hydrogen ion concentrations and put mto finger-bowls contaimng tap 
water. In this experiment, each group contained twelve animals instead of the 
customary nine The hind hmb lengths ranged between 2 8 and 3 0 mm In this 
senes there were 30 ammals which had an untial hind hmb length of 2 8 mm but 
differed greatly in body size These were eqmtably distnbuted mto five finger- 
bowls accordmg to body size In this experiment, then, one senes of animals con- 
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aisted of five finger bowU conUining six animsb having the same length of hind 
limb but different body sixes 

The flmmflln were mjected on Feb 6 Feb 17, and Feb 24 lyith 5/32 cc. of 0 0008 Jl 
iodine at a hydrogen ion concentration of pH 4^ 5 6, 6 6, 7 5, and 8 6 The expen 
ment ended on Feb 29 


TABLE IV 

Tk* IncTtoit afUr 23 Days {» Uu LsMpk of Btnd Limb of TadpeUs injeded icilk lodwt at 
DiJJaeni Uydrogm Ion ConcailnlioRs 



(6) lUsuUs 

The results indicated m Table TV show that the mduong potency of mjected 
iodine, unlike that of thyroxm, is dependent on its hydrogen ion concentration 
Animals mjected with iodine at pH 43, 73, and 8 6 showed hardly any response 
but those mjected with lodme at pH 5 <5 and 6 6 did respond significantly 

E TJi 6 Effects of Enmionmenlal Solutums of Dtvene Hydrogen Ion Concen 
iralions upon the Influence of Injected Iodine 
(a) Procedure 

On Nov 14 1939, animals having hind limbs of 4.3 to 8 0 mm. were Injected with 
5/32 cc of 0 0008 u lodlno and put Into environmental solutions at diverse hydrogen 
ion concentrations The animals were injected again on Nov 21 and were measured 
on Nov 25 and Nov 30 

A second experiment was performed OcL 24 to Nov 4 vnth animals ranging in 
length of hind limb from 3 J to 5 4 mm The animals were mjected with 1 /5 cc of 
0 0005 u iodine on Oct 24 and 1/5 cc of 0 0012 m iodine on Oct 29 
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The previous experiments with lodme (Sections D and E) have shown that 
the potency of mjected iodine is affected by the hydrogen ion concentration of 
the mjected iodine and the hydrogen ion concentration of the environmental 
solution Graphs for these two experiments show the same maytmum points 
of response although m one type of experiment the hydrogen ion concentration 
change is m the environment and m the other type m the substance mjected 
mto the animal These results differ, however, from the results of the experi- 
ments m this section (Section F) m the maximum pomt of response The 
essential experimental difference between the experiments of Section F and 
those of Sections D and E is the penetration of the mtegument by the inducmg 
substance m the experiments of Section F Thus the difference between the 
results of this experiment and the previous lodme experiments may m some 
way be due to the two factors which are at work here, namely potency and 
the penetration of the mtegument as contrasted with one factor mvolved m the 
previous experiments, namely potency 

From the lodme expenments it can be concluded that lodme solutions, unlike 
thyroxm solutions, vary m their power of metamorphic mduction accordmg to 
the hydrogen ion concentration 

G Inveshgattons mto the Nature and Cause of the Ejects of Hydrogen Ion 
Concentration on Thyrovtn-Induced Metamorphosis 

It has been shown that the development of tadpoles m environmental solu- 
tions contammg thyroxm is dependent upon the hydrogen ion concentration 
of that environment Further experimentation mdicated that this effect is 
not due to a difference m the chemical nature of the thyroxm, but to a difference 
m the rate of penetration of thyroxm mto the animals under these diverse 
conditions It is now desirable to attempt to ascertain the factors mvolved 
m this difference m penetration rate under differmg conditions of acidity and 
ilkalimtv 
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The Apparatus used la thu es^pcxinieat is diagrammed m fig 1 Water (w) at a 
known hydrogen ion concentration was put into a ^ liter carboy and oxygen was 
allowed to bubble throu^ slowly A manometer («») was connected to tbc carboy 
so that the oxygen pressure in the carboy was maintained at 795 nun. of mtreurv 
The water was allowed to siphon down mto each of four chambers («), three of these 
contained experimental arumals whHc the fourth served as a control These chambers 
were mounted in on aquarium with adequate facilities (s,k t r) for maintaining a 
constant terqjciature of 24.5*C The chambers were connected with two parallel 
tubes (rt D/) inclmcd at an angle of 45® One tube (oi) was an overflow tube, the 
other (d) a collecting tube. A steady flow of water was maintained through the 



Flo 1 Apparatus for respiratory metabolism lest, o, animal chamber, A, heater, 
m manometer r, relay s stirrer t, thcnnoregulator, lo, water source, collecting 
tube ot outflow tube. 


overflow tube for 4 hours at 100 cc. per hour during which time the tadpoles were 
acclimatized and the entire syatem reached an eqaBibnum. Then the overflow 
tube was dosed and water waa allowed to flow up the collecting tube at the same 
rate of flow This water was collected under oil and analyaed for oxygen ointcnt. 
The oxygen content of the control minus the oxygen content of the water which 
had flowed past the tadpoles was considered to be the amount of oxygen consumed 
by the tadpole 

Mcaaurcments of dissolved oxygen in water were made by tbc Thresh itidometric 
method of titration This method has been described by Sutton (1396) It was 
found to be accurate and yet more coavenient than the Wnkler method geocraliy 
used by biologists. It is based on the fact that KI when mixed with sulfunc add 
and sodium nitrite hbwates iodine m proportion to the amoimt of dissolved oxygen 
present. The liberated Iodine am then be calculated by Ptralion with sodium 
thiosulfate. 
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{b) Results 

Over one hundred and forty respiration-metabohsm tests were performed, 
the results of which are not shown here m table form At pH 8 3 the rate of 
oxygen consumption m mg /hr /gm was 0 175 d= 0 0136 (standard error), 
at pH 6 9 It was 0 317 0 0445, and at pH 4 3 it was 0 441 ± 0 0195 These 

results show clearly that the hydrogen ion concentration of the surrounding 
medium has a profound effect on the rate of respiratory metabolism of the tad- 
pole The greatest extent to which these figures can be wrong (three tunes the 
standard error) still shows no overlappmg of numbers at pH 4 3 and pH 8 3 ' 
It would seem that these findmgs may provide the explanation for the effect 
of hydrogen ion concentration on thyroxm-mduced metamorphosis It is 
therefore postulated that mcrease m the metabohc rate results m mcrease in 
the correspondmg mtake of the environmental water with the result that a 
greater amoimt of dissolved th3n:oxm penetrates the integument m a given 
tune The reverse is true when the metabohc rate is decreased Keeping 
tadpoles m thyroxm solutions at different hydrogen ion concentrations therefore 
results m differential growth 

H The Effects of Hydrogen Toil Concentration on Normal Metamorphosis 

The effect of hydrogen ion concentration on the rate of metabohc activity 
m th)rroxin-treated anunals immediately gives rise to the suspicion that normal 
metamorphosis may also be affected by this factor It would be expected that 
animals engaged m active secretion of thyroid hormone would secrete in ac- 
cordance with their rate of metabolism, and also that animals with depleted 
stores of hormone would replenish their supply m accordance with their meta- 
bohc rate In order to test the vahdity of these ideas, large tadpoles, neanng 
the metamorphic crisis were used It is obvious that small tadpoles cannot 
be utihzed because them normal growth is so slow as to make then use un- 
practical m a study of this kmd On the other hand a difficulty is encountered 
m obtammg large numbers of old tadpoles m exactly the same stage of hmd hmb 
development This difficulty becomes of httle importance, however, in view 
of the fact that animals nearmg the metamorphic climax have reached a point 
of ma-!nmiim responsiveness That is, response of the hmd hmbs to growth- 
mducmg substances is no longer significantly dependent on them mitial size 
Therefore a comparison of the growth of hmd hmbs among animals differmg 
by not more than 1 mm m imtial hmd limb length is wholly justifiable 

The foUowmg experiments were performed at different seasons of the year 
The first experiment was performed on winter tadpoles with depleted thyroids 
These arnmalg probably had to sjmthesize them hormone from lodme taken m 
m gmnll amounts from the environment The second experiment was per- 
formed on summer tadpoles actively engaged m secretmg the thyroid hormone 
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Eiptrtmini 1 
(a) Procedure 

Forty tadpoles v.crc idected that had hbd Umba which varied between 15 and 
37 TT\m. In length These were divided into five groups of eight, the members of each 
group not varying m hind Itmfa length from the members of any other group by more 
than 1 nim. The animaU were kept at diflerent hydrogen ion concentrations for 
28 days 0^ 10 7) Thar only source of food was Elodta^ Spin^ym, and 

bread- 


TABLE Vn 


Th* of Bjdroitn Ion Canctniraii^ 0 a iki RaU of Gfxncik of tk$ BUtd LSmbt of Tadpehs 



UablcaiUi 

Armx* 

IncmM 




M. 



-- 

wtm* 

M 

IBM. 

M. 



^3 

Tnifial 

31 8 

23 3 

RE 

16 1 

36 1 

24 2 

22 5 

15 0 




Increace 

J3 

6 4 

2 0 

KE 

1 4 

2 2 

1 0 

0 5 

2 1 


S 3 

Inual 


24 0 

20 8 

16 1 

36 8 

26 6 

23 2 

IS 0 





0 6| 

0 8 

1 3 

1 0 

1 4 

2 4 

1 2 

0 0 

1 1 

[H*l of enviroa 

6 2 


32 1 

24 2 

20 7 

16 1 

35 2 

26 0 

22 9 

15 0 


mental tohitioii 


looease 

0 8 

8 

BE 

mW\ 

2 6 

1 3 

0 9 

IB 

1 1 


7 3 

Initiia 

31 7 

23 7 

20 6 

16 1 

35 8 

26 0^ 

22 2 

itln 




locmue 

0 1 


0 3 

■B 

2 2 

0 1 

EE 

EE 

0 6 


S 6 


31 8 

23 6 

20 1 

16 1 

36 2 

i26 1 

23 0 

15 0 



. 

Incrtaae 

Bfi 

1 2 

BE 

BE 

0 1 

m 


Ql 



(6) RtsuUi 

Development was extremely alow due to the fact that the thyroid, gland was 
depleted of honnone following the active growing period of the summer months 
This, however, does not detract from the significance of the results which 
show five Imica as much growth at pH 4-3 as at pH 8 6 These results are 
shown m Table VII DifferenUal growth seemingly results from the control 
which metabolic activity exerts on the amount of lodme which enters the njiimal 
from the environment This explanation is based on a supposition that the 
lodme of the euviromncnt (derived probably from the Sptrogyra and Elod^a) 
casts in a form whose mducing effect is not dependent on hydrogen ion con- 
centration On the other hand it la not impossible that animals nearing the 
mclamorphic chmnx can draw on other organs of the body for a supply of lodme. 
Either explanation requires the mtcrpretation of differential growth m this 
expenment as due to an effect of the differential metabohe rates found in 
these ammabi 









638 


THYROXIN- AND lODENE-XREATED TADPOLES 


Experiment 2 
(a) Procedure 

Forty-five tadpoles were selected which had hind limbs varymg from 4 3 tutti to 
14 1 mm m length Five groups of mne animals were made, the members of each 
group differmg but shghtly from those of another group inasmuch as these animals 
were not all near the metamorphic chtnax The various groups were kept at different 
hydrogen ion concentrations for 25 days (June 19 to July 14) 

TABLE Vrtl 


Tlie Effect of Hydrogen Ion Concentration on the Rate of Growth of the Hind Limbs of 

Tadpoles 



Lunb IcDEth 

Average 

increase 




mm 

mm 

mm 

mm 

mm 

mm 

mm 

mm 

mm 

mm 


4 3 

Initial 

14 1 

9 3 

8 3 

8 0 

7 0 

6 0 

5 0 

49 

43 




Increase 


17 7 

13 4 

7 9 

2 6 

7 8 

0 4 

iiTil 


8 1 


5 3 

Inibal 

14 1 

9 3 

8 3 

7 9 


6 1 

m 

4 9 



[H+] of envi- 


Increase 

22 7 

22 5 

2 6 

1 9 

18 9 

1 3 

Rj 

0 4 


8 1 

ronmental 

6 2 

Imbal 

14 2 

9 3 

8 3 

7 9 




4 9 

43 


solution m 


Increase 

20 9 

16 4 

27 5 

0 9 

3 9 


2 2 

EE 

0 0 

8 1 

pH umts 

7 3 

Imtial 

14 I 

9 3 

8 3 

7 9 


6 1 


4 9 

4 3 




Increase 

19 6 

5 5 

2 8 

liWi] 

1 4 

1 3 


0 0 

EE 

3 6 


8 6 

Imtial 

14 1 

9 3 

8 3 

8 0 


BIhI 

Will 

4 9 

4 3 




Increase 

16 8 

1 1 

3 9 

2 7 

1 2 

1 2 

0 Oj 

0 0 


3 1 


(6) Results 

These animals present a wide degree of variation m the responses of mdi- 
vidual tadpoles Probably this is due to the fact that some animals have 
acquired and stored a greater amount of hormone than have others durmg the 
winter and sprmg The results of this experiment, shown m Table Vm, pomt 
to greater response among the larger limbed tadpoles Bemg older and larger, 
they would be expected to have stored larger amounts of lodme than the smaller 
limbed tadpoles Generally speaking, the variabihty m response of the tad- 
poles depends on the mtensity and rigidity of environmental stimuh The 
response of the tadpole to lodme is less variable m a buffered solution than 
m an unbuffered one because of the relative rigidity of the buffered environ- 
ment Then also, the more potent the inducmg stimulus, the less variable the 
response The response of tadpoles to thyroxm is less vanable than the re- 
sponse to lodme, and this response is m turn less variable than the response to 
the normal growth stimuh The effects of hydrogen ion concentration m this 
experiment may be mterpreted as resultmg from a metabohc control of the 
release of the thyroid hormone The average growth of the nme animals at 
pH 4 3 IS over twice as great as that at pH 8 6 
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I limsligaiions «i/o the Nalurt ani Cause of the Efecis of Bydrogen Ion CQiy> 
ceniraiton on loiint^lnduud Meiamorplums 
Since we have now found a possible explanation for the effects of hydrogen 
ion concentration on thyroxin mduced mctamorophosis, it is well to turn to an 
investigation of lodine-mduced metamorphosis. This we know to be different 
from thyroxin-induced metamorphosis m view of the experimental results 
already presented It will be remembered that the effects of hydrogen ion 
concentration upon lodme-mduced metamorphosis are such that in}ecled iodine 
at pH 4.3 or at pH 8.5 causes little or no development of the hmd limbs while 
at pH 6 7 there is much development These results differ markedly from 
those obtained when thyroxin is used oa the mducing a^t and it is therefore 
clear that any explanation for the effects of hydrogen ion concentration on 
thyroxm induced development would be unsatisfactory for lodme-mduced 
development In fact it seems clear that effects of hydrogen ion concentiation 
upon lodme-mduced metamcnphoin ore concerned ^Vlth changes in the chemical 
state of the iodine itself rather than changes in the amount of the mducing agent 
which enters the tadpole body In the following paragraphs are listed a few 
e<juattons which illustrate the Icmd of chemical changes which occur when 
iodine a put mto water and buffered at different hydrogen w>n concentrations 
(Ephraim, 1934) 

In strongly alkaline solations, hypiodite is formed The reaction is com 
plete, and accounts for the fact that the starch test for iodine cannot be used m 
strongly alkaline sotuUon 

(1) lNaOH + I,-*HiO + 2NaIO 

This reaction is reversible and in a weakly alkaline solution the formation of 
hypiodite is not complete, so that the starch lest for iodine can be nyd 

(2) + 2NaIO INaOHI+I, 

Due to the removal of Iona m alkaline solutions, iodine reacts with water 
to form salts of the oxy aads 

(3) 3lhO + I*-» SHI +flIO, 

The reverse reaction takes place in aad solutions 

(4) 5Hl + HiOiw3It+3Hrf) 

The hydrolysis of iodine is favored by alkaline solution. The equihbrium 
point m this reaction lies well to the left and only Rmall amounts of they* 
stances are produced 

(5) H,0 +HI 

The yield of lOH can be increased by adding either silver salts or mercunc 
oxrde 
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(6) AgNOi + Ij -f H 2 O -» Agl -t- mo + HNOj 

Hypiodous acid is extremely unstable formmg HI and HIO3 readily 

(7) smo -> moj -f- 2 m 

This reaction is very slow m dilute solution 

From the above reactions, it is evident that when lodme is put mto water, 
it assumes a vanety of chemical forms, the predommance of any one form bemg 
dependent on the hydrogen ion concentration It is logical then to suspect that 
differential growth of tadpoles m iodine at different hydrogen ion concentrations 
IS due to the presence of a vanety of chemical forms of lodme and that these 
forms are not all equal m their abihty to mduce development The following 
experiments with lodme were designed to investigate such a possibihty 

Experiment 1 
(a) Procedure 

Three groups of animals were selected whose hmd limbs vaned between 3 2 mm 
and 4 5 mm m length Each group was put into a soluhon buffered at pH 6 8 and 
containing lodme at a concentration of 6 25 X 10~® M The iodine was supphed in 
three chemical forms, as elemental lodme, as potassium iodide, and as potassium 
lodate In this way the effect of lodme, iodide, and lodate can be compared with 
reference to their abihty to induce development 

(b) Results 

The results of this experiment show clearly that the form m which inorganic 
lodme is administered deterrmnes the degree of growth response m the tadpole 
Elemental lodme buffered to pH 6 8 has been shown to be very efficient (Experi- 
ment F) In this experiment it can be seen that it is much more efficient 
than either iodide or lodate lodate m the same concentration shows no 
abihty whatsoever to mduce development while iodide shows only a very 
shght abihty The average growth of the hmd limbs of nme animals m lodme 
solution was 2 0 mm , those m iodide solution showed an mcrease of only 0 1 
mm durmg the same penod, and those m lodate solution failed to grow at all 

Experiment 2 
(a) Procedure 

Two groups of tadpoles were selected which had hmd hmbs varymg between 2 9 
mm and 6 0 rnm m length One group of animab was put into a solution buffered 
at pH 6 8 and contaimng 6 25 X 10“® si lodme The other group of ammals was put 
mto a similar solution contaimng in addition 2 X 10“’' si AgNOj The silver mtrate 
was added so as to remove iodide 10 ns and mcrease the production of lodite at the 
expense of lodme (equation 6) Smce we know that elemental iodine buffered at 
pH 6 8 IS much more potent than iodide, the reduction m elemental lodme with the 
production of lodite should indicate the relative potency of the elemental lodme as 
compared with lodite 
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In tins experiment the amount o! ioditc produced in the solution containing 
Silver nitrate was rather small. This was necessary because of the fact that 
silver nitrate is a very tone substance and can be added m only small quantities 
if the tadpoles arc to survive This means that equation <3 could by no means 
be brought to completion The experimental results show that on lodme 
solution at pH 6 8 la far more potent than an lodite solution at the same hydro- 
gen ion concentration. The results do not of course indicate to what extent 
lodite does induce devebpment, li at ail since the lodite-contammg solution 
contamed even more iodine than lodite. The average growth m the length of 
the hind limbs of tadpoles was 23 moL m the elemental lodme solution and 1 7 
mm m the solution contammg lodme and lodite. 

Bxperimtnt 3 

When iodine is added to water a variety of ions is formed and the concen 
tratwn of the mdividual ions is dependent upon the hydrogen ion concentration 
of the solution It can be seen from equation (4) that an mertase m hydrogen 
ion concentration hiudm the formation of iodide and lodate, and from equation 
(5) that an increase m hydrogen ion concentration hinders the formation of 
lodite Thus increased aadity results in an increased concentration of free 
iodine We have already seen that Iodine solutions are less and less potent 
as inducing agents as the hydrogen ion concentration Is maeased from the 
neutral point and one must assume that this is due to the fact that free iodine 
of Itself is not a potent inducmg substance. This would seem to indicate that 
some substance which is produced at the neutral pomt must be present along 
with free lodme m order for the iodine to have its full effect Among the sub 
Btances produced at the neutral point arc iodide, lodatc, and lodite. We know 
that iodide reacts with lodme to form on lodme complex in the followmg way, 
Ij + I" — > Ii and it can be shown both theoretically and experimentally that 
greater quantities of this complex are present m neutral than in odd solution. 
This suggests the possibility that it may be the XJ which is responsible for 
growth If this IS true, then it would be expected that a solution coatammg a 
high concentration of should induce growth even at the hi gh hydrogen Ion 
concentrations at which little growth is obtained by means of iodine alone. 

A brief experiment utilizing the starch test for iodfaie seems to indicate that 
Ij IS formed m highest concentrations at the neutral pomts. The reaction 
of starch with iodine to form a blue starch iodine compound has been shown 
by Mylius (1887) to be favored by the presence of iodide ions It is therefore 
thou^t that It is 17 which gives the starch iodine test rather than free iodine 
An experiment was performed to test roughly at which hydrogen ion concentra 
tion one ivould expect to find the greatest starch jodiue reactions, , greatest 
production of Ij It was found that bnffer sohiUous containing msW quantl 
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ties of iodine and starch at pH 4 3, 5 8 , 7 0 , and 8 6 produce the violet color 
only at pH 7 0 At pH 8 6 the solution is colorless, at pH 5 8 it is amber 
(with a famt blue), and at pH 4 3 it is amber Thus I 3 seems to be produced 
maxunally at about the neutral pomt and this would support the hypothesis 
that 17 IS responsible for the mduction of growth 

As for the theoretical viewpomt, if we consider equation (5) to be the only 
reaction occurring and, from the equihbrium reaction, calculate the amount 
of iodide formed at pH 4 3 and at pH 7 0, we find that 50 per cent of the lodme 
which does react accordmg to this equation is converted to iodide at pH 7 0 
and only 3 per cent at pH 4 3 

TOHI X p*) X ll-l . 3 ^ 

* Ephraim (1934) 

Thus the lodme which actually does enter mto the reaction would be ex- 
pected to 3 aeld more iodide and consequently more I 7 at pH 7 0 than at pH 4 3 
An experiment was performed to test whether or not tadpoles raised under 
these different conditions exhibit any diverse effects which may be attributed 
to the different concentrations of IJ 

(a) Procedure 

Two groups of twelve tadpoles were procured on Mar 28, 1941 One group was 
kept m a solution of elemental lodme, the other m a mixed solution of potassium 
iodide and elemental lodme The final lodme concentration m both solutions 
amounted to 6 25 X 10~® it and the hydrogen ion concentration was adjusted to pH 
5 2 Two other groups of eight tadpoles each were used in a parallel experiment in 
which the hydrogen lon concentration was adjusted to pH 6 8 

(6) Results 

After 26 days, the average growth of the animals amounted to 2 2 mm in 
the lodme solution and 2 0 mm m the lodme-complex solution This differ- 
ence is not statistically significant and mdicates that the lodme-complex is not 
more potent as an mducmg substance than lodme This experiment therefore 
fails to confirm the hypothesis advanced above to account for the difference 
m mducmg abfiity of lodme solutions at different hydrogen ion concentrations 

The results of the second experiment add httle In the same period of time 
(26 days) these ammals m both types of solutions, although smaller than those 
used at pH 5 2 grew more rapidly They averaged an mcreased growth of 3 1 
Trim m the lodme and 3 0 mm m the lodme-complex solutions Thus the 
mducmg capacities of the lodme-compIex and the elemental lodme solutions are 
seemmgly snmlarly affected by a change m hydrogen ion concentration from 
pH 5 2 to pH 6 8 
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rv DISCOSSiON 

The results which have been obtained m this investigation seem to present a 
rather complex situation the solution of which cannot yet be said to be com 
plete. Nevertheless, certain fects have been ascertained which add to our 
knowledge of the factors mvolved m the problem under mvestigation and 
which will undoubtedly be of importance m the final solution of the matter 
Rosen s finding, that the induction of metamorphosis by means of thyroim 
dissolved m the environmental solution is infiuenccd by the hydrogen ion 
concentration of the solution, has been definitely confirmed With the same 
thyroxm concentration, animals kept m solutions of higher acidity show a 
greater response than do those kept In solutions of lower aadity Thus as 
Rosen pomted out, acidity accelerates and alkalinity retards the metamorphos- 
mg action of thyroxm 

Several hjrpothescs can be advanced to explain these results. The potency 
of thyroxm itself may conceivably be affected by a change m hydrogen ion 
concentration so that it would be more effective m acid solutions. However, 
our experiments with m)ccted thyroxm (Section A) seem to make such an ex 
pTnnataon untenable, for hydrogen ion concentration docs not affect the in 
ducLDg power of thyroxm when the thyroxm is mjected mto the animal. This 
being so one must conclude that the hydrogen ion concentration of the en 
vironment does not act directly upon the thymnn molecule itself, decreasmg 
Its effectiveness as an mducing agent, but that instead the hydrogen ion con 
centration of the environmental solution bnngs about m some way an effect 
on the availabihty of dissolved thyroxin to the animaL We know that this 
cannot be due to a solubihty effect because thyroxm, being more soluble in 
nll-almf. solutions than m aad solutions would hardly be expected to supply 
more thyroxm to the tadpole m aod solution Possibly the effect could be 
one which acts upon the mt^u^nent of the animnl m such a way that the per 
meabflity of the skin to thyroxm is greater at high hydrogen ion concentrations 
than at low We have not mvestigated this possibiiity, but feel that the 
results of our eipenmcnts with the effects of hydrogen ion concentration upon 
the respiratory metabolism of the tadpole strongly indicate the method by 
which the tadpole is furnished more thyroxin from a more acid environment. 

The water of the environment furniabes the source of water and salts to 
the tadpole. Smee the animal does not dnnk water, dissolved thyroim enters 
the animal throu^ the Integument and the giTlt and the amount of thyroxm 
absorption might be expected to be dependent on the rate at which water 
enters the orumal as well as on the amoimt of dissolved thyronn. The present 
experiments dearly show that the rate of respiration b mercased m aad solu- 
tion and decreased m alkaline solution. An mercased rate of metabolism may 
be thou^t to result m an mercased mtake of the environmental fluid and a 
reduced rate of metabolism to result in a reduced intake. Thus, in aad en 
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viroiiments the tadpole takes up dissolved thyroxin more rapidly than it does 
m alkaline enviromnents Under these conditions, a more rapid growth of 
the hind limbs would be expected in tadpoles hvmg m acid solutions than would 
be expected in those hvmg m more alkahne environments 
lodme-mduced development is quite different from thyroxm-mduced de- 
velopment and would seem to be more difficult to mterpret In thyroxin 
mduced development, as we have seen, there appears to be no effect of hydrogen 
ion concentration upon the molecule itself However, such an effect does seem 
to occur m lodme-mduced development and it is this chemical effect which is 
of pnme importance here The existence of a chemical effect is demonstrated 
by experiments m which the effects of hydrogen ion concentration on mduced 
growth are the same regardless of whether the lodme is mjected mto the animal 
or enters from the environment In other words, m this case it is not a question 
of how much lodme enters the animal, but at the hydrogen in concentration 
and consequently m what form The efficiency of lodme as an mducmg agent 
IS at a maximum at about the neutral pomt This is true whether the animal 
IS mjected with lodme at this hydrogen ion concentration or the environmental 
solution contams lodme at this hydrogen ion concentration There is then a 
marked lowering of effectiveness as the hydrogen ion concentration is either 
mcreased or decreased from this pomt • 

Several experimental attempts have been made to ascertam what chemical 
substance or substances, produced by lodme at the neutral pomt may account 
for its effectiveness at this hydrogen ion concentration The idea was advanced 
that the effectiveness of lodme at the neutral point is due to the presence of 
some form or forms of iodine at this hydrogen ion concentration other than 
free lodme alone We have reason to believe that free lodme of itself is not a 
powerful mducmg agent, for mcreased aadffication of an iodine solution results 
m mcreased quantities of free iodine but decreased growth 
At different hydrogen ion concentrations, lodme solutions contam various 
quantities of iodide, lodate, and lodite as was evident from the several equa- 
tions presented m Section I lodate is absolutely meffective as an mducmg 
agent when used alone Iodide has but a sbght effect when used alone and 
lodite IS presumably meffective, for the effect of mcreasmg the lodite concen- 
tration at the expense of free lodme is only to reduce the efficiency of the iodine 
solution as an mducmg agent 

It has been pomted out that free lodme reacts with iodide to form the iodine 
complex 17, and that an lodme solution contams a maximum concentration 
of IJ at precisely the same hydrogen ion concentration as that which affords 
rna-nmiiTn growth Experimentation mdicated, however, that this is merely 
a comcidence, for solutions containmg I3 are no more efficient m mducmg 
growth when m acid solutions than are solutions of elemental lodme 
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It IS tiierefore not possible to say what it is which is produced at the neutral 
point which mnVf^ iodine an effective inducing agent at that hydrogen ion 
concentnition The results which have been obtained and the explanations 
given point the way for future expeninents which must be performed before 
this aspect of the problem can be solved. 

A stud) of the effects of hydrogen ion concentration on normal development 
proved to be of mterest This effect paralleled the effect of hydrogen ion 
concentration on thyroxin induced development Aadity accelerates the 
development This can be accounted for if Elodea, which is used in the feeding 
of the nnimalfi m their normal deyclopment, contains iodine organically bound 
and therefore, like thyroxin, may be unaffected by hydrogen ion concentration. 
The differential growth effect would then be attributable, as m the case of 
thyioim mduced development, to the differential effect of hydrogen loa con 
ccntration on the rate of metabolism of the animal i 

Throughout the different erpenments it has been evident that there is a 
marked difference m the vanabihty of response of the tadpoles. This is mter- 
esUng enough to warrant further attention. The variabihty of response of 
the animals is seemingly dependent upon the strength of the cnvuomnental 
stunuh Substances, like thyroxin, which axe very potent mdudng agents 
produce a less varied response than less potent substances like lodme or potas* 
Slum iodide And these latter m tnm produce a less varied response than that 
which 18 found m nonnal development. Substances which are responsible for 
a particular process then, such as the metamorphosis of the tadpole, brmg 
about this process with less vanabihty as the effectiveness of this substance is 
mcreased cither by concentration or potenQr A ngjd envuoament, such as 
IS obtained by the use of buffer solutions also makes for a less variable response 
of the animals We saw this m the respiration experiment- Here, variability 
of response was much greater when nnimwla were not kept m buffer solutions 

\ SUMUAKY 

1 It has been shown quantitatively that the degree of response of the hind 
limbs of tadpoles to the action of thyioxm is dependent upon the lengths of 
the limbs at the beginning of treatment. 

2 Both the potency of the inducing substance and the rate of penetration of 
the substance mto the animal might be mvolvcd m the effects of hydrogen ion 
concentration on mduced development 

3 Changes in hydrogen ion concentration affect the inducing power of 
thyroxin and iodine differently With thyroxin, it is the rate of penetration 
of the molecule which determines the amount of growth, but with lodme it 
is the chemical form m which the substance has entered the animnl which iS 
of prime importance 
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4 The hydrogen ion concentration of thyroxin solutions does not affect 
then: potency when they are injected into tadpoles 

5 Change m hydrogen ion concentration of the environment does not affect 
the potency of th 3 rroxm mjected into tadpoles 

6 When thyroxm is a dminis tered in the environmental solution its effects, 
as measured by mcrease m hmd limb length are greater at higher than at 
lower hydrogen ion concentrations m the range tested 

7 Since the potency of thyroxm is imaffected by change m hydrogen ion 
concentration when the thyroxm solution is injected, the above fact (point 6) 
seems exphcable only on the basis of differences m the rate of penetration of 
thyroxm mto the animals at the different hydrogen ion concentrations 

8 These differences m penetration of the th 3 rroxm at different hydrogen ion 
concentrations may be the result of a differential effect of hydrogen ion concen- 
tration upon the rate of metabolism of the animal The metabolic rate is sig- 
nificantly greater when the tadpoles are kept m solutions of higher hydrogen 
ion concentration than when they are kept m solutions of low hydrogen ion 
concentration It is postulated that the rate of metabolism, smce it controls 
the rate of mtake of the enAuronmental flmd and therefore of dissolved 
thyroxm, also controls the amount of thyroxm-mduced development 

9 Change m hydrogen ion concentration of lodme solutions affects their 
potency when mjected mto tadpoles A peak of effectiveness is reached at 
about the neutral pomt, with a lowered efficiency as the hydrogen ion concen- 
tration IS either mcreased or decreased from this pomt 

10 Change m hydrogen ion concentration of the environment affects the 
potency of lodme mjected into tadpoles The effect is similar to that noted 
m pomt 9 

11 The hydrogen ion concentration of the environment seems to affect the 
chemical nature of the lodme m solution m the environment If this is so, 
it is possible that the differences m the metamorphic effects of lodme at different 
hydrogen ion concentrations are dependent upon the chemical form of iodine 
present 

12 The effect of hydrogen ion concentration on normal development is 
similar to that on thyroxm-mduced development, an effect on the rate of 
metabolism of the animal causes mcreased growth m more acid solutions 
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CERTAIN ENZYMATIC ACnVITIES OF NORMAL AND MOSAIC 
INFECTED TOBACCO PLANTS 

Bt F LYLE WYND 

{From ifu Deparimeni of Botany t Untstmiy of TJrhana) 

(Rccaved for publication, October 30, 1941) 

We have described m a previous paper (Wyiid) the diaturbances m the rcspir 
atory activities, aa exhibited in the rates of oxygen use, which tobacco plants 
undergo during the course of general physiological changes following infection 
with the leaf mosaic virus The present paper describes the changes occurring 
m the activities of oxygenase, pcrondafie, catalase, and mvertase. 

The plants studied were the same individuals which furnished the data on the 
rates of oxygen use. The previous paper should be consulted for the details of 
the experitocutal srrangemmt Briefly Bailey tobacco plants were transplanted 
from flats into small poU, and successively transferred to larger pots as growth pro« 
ceeded until they were m 8 mch potL When the plants had flve well developed 
leaves, the two lower were removed and the lowest remaining leaf was then Inoculated 
with a virulent juice pressed from the leaves of plants showing severe symptoms of 
the moaric disease. This lower, inoculated leaf was designated as No 1, and sue 
cessively higher leaves numbered in sn^uesce. Aa new leaves appeared and became 
large enough for study, they were designated numencally in the proper sequence. 

Three normal and three inoculated plants were moved to the laboratory for study 
at successive intervals of 2 or 3 days. After the czasion of the discs for the observation 
of the respiratory rates described in the previous paper, the lumlarly numbered 
leaves were removed from the plants and finely ground with punfied quart! sand in 
a poTcclam motor and the juice extracted by squeezing the pulp through cheese- 
cloth. The data, th e ref o re, are based m each instance on a composite sample of 
comparable leaves from three plants. 

The exigenges of the expemnental procedure which especially demanded 
a great many separate procedures in dupUcate to be earned out rapidly and 
simultaneously on aliquots of the expressed juice, unfortunately eliminated 
the possibibty of obtaining duplicate senes of determinations on different 
groups of plants Even though the juice represented a composite sample 
from three leaves of mmilar age and stage of development, there is always the 
possibility that a sin^e abnormal plant could give a fictitious value to the 
determination based on this sample That this was not likely, however, is 
suggested by a comparison of all the curves which shows that the trends which 

&t9 
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they exhibit are dependent on deter mina tions made on successive days on 
separate groups of plants And especially does this seem improbable when 
we notice the instances in which a period of maximum or mmirruirri activity 
of an enzyme does not occur simultaneously m all the leaves of the plant 
For example, the penod of the second maximum m the activity of mvertase 
descnbed below occurs m all leaves but at a progressively earher penod m the 
younger leaves, and hence it could not be an error dependent on smgle plants 
reactmg atypically 

Data are presented as ratios of the activity of moculated plants to that of 
the normal plants The present study is not concerned with the physiology 
of the separate enzymes, and their activities are followed only as an index to 
physiological disturbances Smce this is the case, the ratio of the normal plants 
to that of the moculated plants becomes the logical value basis for comparison 
Further, daily changes in greenhouse conditions and m laboratory temperature 
lessen the significance of an absolute value of an enzymatic activity 

Oxygenase and Peroxidase 

The earlier literature concermng the oxidizing enzymes frequently uses the 
term “oxidase” with a vaguely defined meaning Stnctly speakmg, this term 
should be replaced by oxygenase and peroxidase Oxygenase is to be con- 
sidered as the en^me catalyzing the oxidation of certam polyphenohc sub- 
stances by molecular oxygen with the formation of qumones and peroxides 
The magnitude of the reaction may be detected directly by raeasurmg the 
volume of oxygen used by appropnate manometnc means or mdirectly by * 
detenmnmg the amount of pigment developed by these qumones Peroxidase 
IS detennmed by determining gravimetrically or colonmetncally the amount 
of pigment developed from the colorless dye reagent m the presence of a few 
drops of hydrogen peroxide The terms appeanng m the earher hterature have 
been modified to conform with the above defimtion 

Woods (1899, 1900, 1902) found that oxygenase and peroxidase were more active 
m the leaves of tobacco plants infected with the leaf mosaic disease than m the leaves 
of normal plants He attached considerable importance to this condition because 
the mere injection of preparations of these enzymes produced symptoms of the disease 
under some conditions He further observed that these enzymes had the power to 
inhibit diastase in vilro and concluded that this might be the mechanism of the effect 
of the increased oxidizing enzymes that accompanied the appearance of the disease 
or were injected artificially 

Similar observations were made by Suzuki (1902 a) who reported that the mul- 
berry dwarf disease, a virus disease widely spread m Japan, accompanied an increase 
of 400 to 500 per cent in the activity of oxygenase and 200 to 500 per cent m the 
peroxidase The above observations were made on leaves collected m the autumn 
but similar results (19025) were obtained with material collected dunng the spnng 
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Suxuki (1902c) m a. more detailed paper reported that this excess of the ondiang 
enzyme* wa* accompanied by a hmer tdtrogen content. Shibata (1903) aUo found 
greater oxygenase activity In muibcny leaves infected with virus 

Virus-mfccted cabbage leave* were found to have more ondiang power by Btasscl- 
bring and Albsberg (1910) although thc*e authors attributed this to a decrease m 
anti-oxidase rather than to an Inacasc In the ondizmg enzymes themselves. 

Pantanelh (1912) found that virus-mfected grape leaves exhibited greater oxygenase 
and peroxidase activity and he believed that thi* tdmulatcd activity caused an m 
creased production of carbon dioxide. 

Bunzd (1912 a, b, and 1913 a b) studied the curly top disease of the sugar beet and 
observed an increase of 200 to 300 per cent tn the oxygenase activity This mcrcaie 
was observed in plants which had been stunted in their growth by such agenaca as 
excess watering drought and by various agencies of unknown nature. A later pub- 
lication by this author (1914) rqwrted an extensive study of the oxidixing cnxymes in 
healthy and curly dwarf potatoes. Normal plants showed a diminishing oxygenase 
activity during the 60 to SO days of active growth, but an increased activity occuned 
d uring the normal cessation of growth. Possibly the same physiological factor* 
cause this increase as operate dunng the slowing of growth due to disease. 

Chapman (1913) found an increased oxygenase ^n d peraxidasa in mosaic infected 
leaves of tobacco and tomato and con^dcred this to be a cause of the disease. Frd- 
berg (1917) also found an inaeased ondixbg activity but considered this to be the 
result rather than the cause of the disease. 

An increased oxygenase activity was found in virus-bbghted fplnach by Bunzell 
(1918) Tbe leal roll disease of potatoes was sbown by Negex (1919) to be accompa 
med by mercosed oxygenase and peroxidase. 

In ^ite of the reports of the above authors an increased oxygenase and peroxidase 
activity has not been found alivays to accompany virus infection. For instance, 
Hunger as early as 1903 (1903, 1905) doubted if differences between healthy and 
mosaic tobacco were sigmffcent, Doby (1911 o b) found that both normal and 
healthy potato tubers showed very erratic oxidizing activiucs and hnally dcaded that 
virus infection could not be detected by observing the action of these enzymes. 

The activities of oxygenase and peroxidase were determined in the present 
work, by the method of Guthne (1931) This author pomts out that the 
mixture of alpha naphlhol and parapheDyienedninine is oxidized far too 
rapidly for quantitaU\e determination of oxygenase and peroxidase if the 
mature is near neutrality, but if the reacting solution be buffered at pH 4.5, 
the rate of ondation is sufficiently slow to allow accurate comparisons to be 
made The acidity also inhibit* catalase and prevents the mterference of 
thisentyme 

A stock solution of a atratc buffer at pH 3 5 was prepared by dissolving 21 gm- 
of atnc aad In 170 cc of Ik sodium hydroxide and diluting to 1 liter This solution 
may be preserved for several days m the refrigerator The reduced d>e reagent 
used to detect the extent of the enzymatic oxidation was prepared fresh just before 
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use The substrate was prepared by adding 200 cc of the atrate buffer to 200 cc. 
of water and then adding 1 gm of paraphenylenediamine hydrochlonde To this 
solution were added 20 cc of 4 per cent aJpha-naphthol m 50 per cent ethyl alcohol 
This was filtered and used immediately There is almost no autoxidation of this 
substrate at the indicated pH Ahquots of 50 cc were added to a senes of large test 
tubes For the oxygenase test, 1 cc of the expressed jmce of the leaf tissue was 
added For the peroxidase test, 0 3 cc of jmce and 0 2 cc of commercial hydrogen 
peroxide were added After standmg, with occasional shaking, at room temperature 
for 10 to 20 minutes, the reaction was stopped by addmg 5 cc of 0 1 per cent potassium 
cyamde Then 25 cc of toluene were added, the tubes stoppered, and vigorously 
shaken untd the toluene layer had extracted aU of the color from the aqueous layer 
The supernatant colored layer was poured mto a tube, stoppered, and briskly centn- 
fuged for 2 or 3 mmutes The color of the toluene extract from leaves of moculated 
plants was compared to that from correspondmg normal leaves 

The changes m the activity of oxygenase of the leaves from moculated plants 
relative to that of correspondmg leaves of normal plants are assembled in 
Table I and are graphically represented in Fig 1 At the tune that leaf 1 
was moculated, only four well developed leaves were present on the plant 
Each of these leaves exhibits a dimimshmg oxygenase activity, and reached a 
mimmum on the 4th to the 6th day The fifth leaf was large enough to be 
included m the observations on the 6th day and this leaf reached its minimum 
at the 10th to the 12th day The sixth leaf was mcluded m the study on the 
11th day and its ramimum was reached on the 14th day AU leaves, therefore, 
are seen to go through a preliminary period of lessened oxygenase activity 
relative to normal leaves and the leaves appearmg later on the plant show the 
lowest point of this activity on a progressively later date Further, aU leaves 
from the moculated plants show a comparatively abrupt mcrease with a 
maximum at about the 14th day, and foUowmg this, the activity diminishes 
until it IS below that of normal leaves m most cases In general, these re- 
lationships are more pronounced m the lower leaves of the plant 

The data reported m the previous paper (Wynd) show that these plants con- 
tamed detectable amounts of the virus in aU their leaves on about the 14th 
day which coincides approximately to the tune of maximum oxygenase activity 

The theory of Woods (1902) that the increased oxygenase activity mterfered 
with normal metabolism of the leaf and thereby produced the visible symptoms 
of the disease is partiaUy substantiated by the present date A serious ob- 
jection, however, lies m the fact that the activity of the enz 3 Tne so quickly 
lessens once its maximum is reached, until it approaches, or faUs below, that 
of normal plants 

The changes m the activities of peroxidase are not so weU marked as those of 
oxygenase and we have not observed increases of the same order of magnitude 
as have been reported by other workers In aU experunents, a vigorous peroxi- 
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TABLE I 

TjU Ox7£nuu< <>f Hm Ltatts of Tobacco Plants InocnlaUd xoiiM Leaf ifosaU Vims 

Exprtssod As Ptreetdatts of lb* Adtoity of Contspondint Lcaoesfrom Nortnal Plants 




Lui3 

Le«lS 

LaJ4 

Uiis 


2 

84 

137 

93 

116 





4 

77 

66 

81 


— 

— 

6 

49 

75 

91 



— 

8 

99 

103 

95 


72 

— 

11 

167 

129 

143 

us 


us 

14 

200 

250 

100 


200 

100 

16 

116 

125 

165 

86 

3S 

us 

18 

111 

111 

125 

83 

167 


21 

lU 

116 

135 

83 

42 

U3 



DAYS AFTER 


t40 

<20 

too 

eo 

froL 


LCAr 4 




INOCULATION 


Fio 1 The activities of oxygenase (sobd Ime) and of penmdaae (dotted line) 
of vinis-infected tobacco leaves relative to thdr activides m normal leaves. 





654 


ENZYMATIC ACTIVITIES OF TOBACCO PLANTS 


dase reaction was obtained which would ehminate the possibihty that an error 
had occurred m preparing the reagents 
An esamination of the data m Table n and the graphs m Fig 1 shows that 
only in leaves 1, 4, and 6 was there even a qualitative relation between the 
changes m peroxidase and oxygenase In the later stages of the disease, there 
IS a definite diminution m the activity of this enz 3 ane m diseased leaves as 
compared with that m normal leaves of the same age The author beheves 
that recent developments m the chemistry of cellular oxidation show that these 
enzymes need not be correlated necessarily quahtatively or quantitatively 
A discussion of these developments m cellular oxidation will be presented in 
a future paper 


TABLE n 


The Peroindase Achmties of the Leaves of Tobacco Plauis Inoctdated with Leaf Mosaic Virus 
Expressed as Percentages of the Activities of Corresponding Leaves from Normal Plants 


Days after 
inoculation 

Leaf 1 

Leaf 2 

Leaf 3 

Leaf 4 

Leaf S 

Leaf 6 

2 

127 

100 

100 

98 



4 

74 

100 

94 

98 

— 

— 

6 

80 

100 

95 

100 

100 i 

— 

8 

100 

95 

100 

100 

100 

100 

11 

143 

100 

100 

100 

100 

100 

14 

77 

108 

100 

120 

87 

91 

16 

100 

101 

! 100 

100 

100 

131 

18 

71 

79 

100 

83 

71 

80 

21 

69 

1 

81 

100 

83 

78 

78 


Catalase 

Suzuki (1902 a) reported that an mcreased catalase activity accompanied 
the mulberry dwarf disease m Japan and he made the doubtful conclusion 
that this mcrease was physiologically effective m destroymg the hydrogen 
peroxide that developed m the tissues as a result of the high rate of respiration 
In a later study (1902 5), he was unable to detect any defimte trend of the 
activity of this enzyme although the data vaguely mdicated that a little greater 
catalase activity probably existed in the diseased leaves Chapman (1913) 
found that catalase activity was greatly diminished m both tobacco and 
tomato leaves when they were infected with the mosaic virus 

The comparative activities of the catalase from vanous leaves were determmed 
m the present study by addmg 1 cc of the press juice to a mixture contaming 25 cc. 
of water, 25 cc of a phosphate buffer at pH 7 0, and 10 cc of commeraal 3 per cent 
hydrogen peroxide The reaction proceeded for 1 hour, with constant agitation on a 
mechamcal shaker The reaction was stopped by addmg 25 cc of a 25 per cent 
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solutioiiof sulfuncaad. The amount of hydrogen peroxide destroyed by the enxyme 
was determined by titrating the unused peroxide with. 0 1 n potassium permanganate. 

The data are presented in Table HI and Fig 2 It la difficult to detect any 
definite trend in the changes in catalase activity The method of determina- 
tion IS capable of considerable accura(^ and the apparently erratic values are 
not due to enors m the cipcnmental procedure. The lower three leaves were 
irell developed at the time that the lower leaf was inoculated These leaves 
of the inoculated plants appear to have a catalase activity near that of normal 
leaves for the first few days but by the 6th day, it surpasses that of the nonnal 
leaves A new low is reached, however, after about 11 to 14 days A small 
subsequent nse appears at about the I8th day These three comparabveiy 
mature leaves thus appear to react similarly 


TABLE m 

Th$ Caloloit AdhilUx of Uu Ltaux of Toirauo PlajUt Inoculalcd Leaf SluaU Virus 
Exprustd as Ptnoulans ^ tkt Aciaiilu of Centspondini LtOKsfnm ffonmal Planls 


n«n kOx 

iaonlallaA 

U&ll 

LaSl 

LoJ) 

Loli j 

1 

Lais 

Lais 

2 

69 

92 

86 






4 

113 

97 

126 1 


— 1 

— 

6 

105 

1S7 

135 


76 1 


3 

204 

315 

223 1 


60 

47 

11 

210 ' 

92 1 

154 1 



100 

U 

138 

216 j 

130 1 

96 


92 

16 

105 

254 ' 

131 1 

135 


129 

IS 

170 

198 

155 ; 

169 

1 3H 

146 

21 

160 ' 

607 1 

149 1 

in 

1 m 1 

90 


The fourth leaf was very small at the time of moculation and it is seen that 
this leaf liie leaves 5 and 6 which subsequently appeared, shows the lowest 
activity on about the 8th day, or about 10 days before the minimum appeared 
m the older leaves It is especially mtcrestmg to notice that these three 
younger leaves show very similar curves of their catalase activity differing 
only m that the earlier changes are omitted from the data smee the leaves 
concerned were not yet laige enough for study This group of young leaves 
thus 13 seen to react simllariy, and differ from the group of mature leaves 
chiefly on that the preliminary period of increased activity is very much smaller 
in magmtude (sec leaf 4) and progressively disappears (see leaves 5 and 6) 
and also m the fact that the period of nuntmurn activity appears about 10 
days earlier 

It 13 difficult to attach a physiological significance to the sequence of rhnn£ i»Mt 
that occur in the catalase activities of these leaves from moculated plants. 
We can do no more than suggest that the period of mmimuni activity m the 
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three older leaves, which were present when leaf 1 was moculated, appeared 
at about the time that they attamed the ability to infect young plants with the 
virus, and that the younger leaves became infectious earher, which again 





days after inoculation 

Fig 2 The activity of catalase of virus-infected tobacco leaves relative to 
normal leaves 

approximately corresponds to the tune that a detectable amount of virus 
appears 

In view of the sequence of changes m the catalase activity which follows 
infection of the tobacco plant, it appears that the apparently erratic values 
which Suzuki obtained for mulberry leaves also could have been due to differ- 
ences m leaf development or to the particular stage of the disease at the tune 
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of observatioa. The reduced catalase activity reported by Chapman also 
appears to be dependent on the stage which his plants had attained 

A comparison of the changes in the catalase activities with those of respira- 
tion rates previously reported (Wynd) shows that the Tnanroum rate of oxygen 
use occurred at about the 4th to the 6th day when the catalase was at its 
mimmiiTTi. Consequently Suzuki's belief that the mcrease m catalase was 
physiologically significant because it destroyed the excess of hydrogen peroxide 
produced by the augmented respiration seems very improbable 

Imertase 

The author has been able to find but a single reference in the literature con 
rffming the mvertase activity of plants mfected with a virus This is partic- 
ularly strange m view of the large amount of attention that has been given to 
the carbohydrate metabolism of plants affected with these diseases Schaffnit 
and Ludtke (1950) were unable to detect a definite change m the invertase 
activity of tobacco plants Infected with mosaic. 

The activity of the mvertase in the juice prepared from the tobacco leaves as 
desenbed above was determined by adding 1 cc. of the jmee to50 cc. of a 10 per cent 
sucrose soluhon and incubating at 37^ C for 72 honii Bacterial acnoa was pre> 
vented by adding 2 cc. of toluene to each flask. The flasks were stoppered to prv 
vent the loss of the toluene dunng the period of meubation. Ahquots of 10 cc. of 
the meubated mixture were added to 50 cc of Fehhng’s solution and brought to 
boiling in 3 minutes. After boillog for 2 minutes, the mixture was quickly filtered. 
The residue was dissolved on the filter by washing with 50 cc of Bertrand’s reagent 
comustmg of 20 per cent sulfiufc acid oatursted with feme sulfate The amount of 
iron reduced by the cuprous onde was titrated with 0 1 n potassium permanganate 
Determinations were run on the amount of reduction brought about by aliquots of 
fresh juice and also on the amount of sugar hydrolysis that occurred during the 
period of meubadan m the absence of the enzyme and the appropriate corrections 
apphed. 

The data are assembled m Table IV and are presented graphically in Fig 3 
It IS evident that the lower three leaves, all of which were well developed when 
the lowest leaf was inoculated, reacted similarly There was a prehmmary 
nse In the mvertase activity which reached a maximum on about the 4th day 
after leaf 1 had been inoculated This was soon followed by a depressed 
activity, which reached a minimum on about the 8th day This was followed 
by a second nse m mvertase activity which reached a manmnm at about 
the 14th to the 16th day It la seen that tim magnitude of this second maxunutn 
becomes progressivdy less in the leaves higher on the stem It was at this 
time that these leaves attained the power to infect young tobacco plants. 
Leaf 1 naturally was infectious from the first, smcc it bod received the original 
inoculation It docs not follow, however, that leaf 1 had developed new virus 
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TABLE IV 


Tfte Invertase Activities of the Leaves of Tobacco Flatits Inoculated with Leaf Mosaic Vitus 
Expressed as Percentages of the Activities of Corresponding Leaves from Normal Plants 


Days after 
inoculation 

Leaf 1 

Leaf 2 

Leafs 

Leaf 4 

Leaf S 

Leaf 6 

2 

124 

103 

100 

90 




4 

137 

130 

118 

122 

— 

— 

6 

78 

105 

106 

85 

91 

— 

8 

124 

72 

77 

92 

100 

109 

11 

105 

143 

110 

106 

103 

117 

14 

122 

91 

109 

98 

98 

92 

16 

273 

145 

94 

72 

75 

65 

18 

175 

143 

78 

81 

74 

91 

21 

131 

89 

109 

94 

95 

91 
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INOCULATION 


Fig 3 The activity of invertase of mosaic-mfected tobacco leaves relative 
to normal leaves 


before this time smce a remamder of the onginal moculated material could 
have infected the test plants Following the second maximum, there was a 
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until the activity of mvertasc approached or became less than that 
of the normalplants. 

When the loivcst leaf was znocukted, the fourth leaf was ver> small and 
leaves 5 and 6 were rudiments only, and it may be seen that these three 
younger leaves react similarly Lite the older group of leaves, leaf 4 crhibitB 
a preliminary manmum on about the 4th day, which was followed by a nunj- 
mum at about the 6th to the 8th day Leaves 5 and 6 were not large enough 
to be studied until the 6th and 8th day respectively, and consequently the 
pcnod of the first irta^nmutn and mimmnm were lost, but the trend of their 
curves in each case seems to mdicate a recovery from a minimum occurring 
as ID the older leaves, probably on about the 6th to the 8th day A nse to a 
second maximum occurs in each of the >ounger leaves as was also true of the 
older leaves but the magnitude of this maximum was much less and occurred 
on about the 10th to the 12th day which was about 6 days eadicr than m the 
older leaves. This second maximum was followed by a second period of 
depressed mvertase activity, as m the older leaves, but differing m that the 
was considerably lower and occurred about 6 days earlier When 
the oldest leaf was at the period of its second maximum, on about the 16th 
day, the younger leaves had already passed this penod and were m the period 
of their second minunum A comparison of all the ouves in Pig 3 shows that 
the period of the second maximum appears progressively earber in the younger 
leaves For instance, leaf 1, the oldest leaf, reached this stage on about ^e 
16th day, the second leaf about the 14th, the third about the 13th, and the 
fourth and ail younger feaves on about the fith day A further significant 
difference occurs m the younger leaves The second minimum is foUovred by 
an upward approach to a normal invertase activity Since the observations 
continued for only 21 days, it is not known whether the older leaves might 
also exhibit this recovery at some later time 

SUIOIASY 

The lower leaves of tobacco plants were moculated with leaf mosaic virus 
and the activities of oxygenase, peroxidase, catalase, and mvertase were 
followed in leaves of comparable age ot intervals of 2 or 3 days over a period 
of 21 days. 

The moculated leaves exhibited a great decrease relative to normal tissue in 
the activity of oxygenase and peroxidase on the 6th day Younger leaves 
showed this minimu m at a progressively later date A great decrease in the 
activities of these enr^es was attained by the 14th to the 18th day This 
marrmum was followed by a decrease 

Catalase exhibited an increased activity which reached a maxunum at about 
the 8th day A stcond maximum was observed on the 16th to the ISth day 
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Invertase reached a rrummum, relative to nonnal plants, on about the 8th 
day A second mmnaum was approached on the 16th to the 18th day 
These data show that profound disturbances in the physiology of infected 
plants occur many days before the leaf juice attams an infectious concentra- 
tion of VITUS The observed activities could not be due therefore to metabohc 
activities of the virus particles themselves 
Smce mfectivity is attamed only after a penod of profound physiological 
disturbance, it seems possible that the virus protein develops as a product of 
abnormal metabolism 
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A SIMPLIFIED DIFFERENTIAL MICRORESPIROMETER* 

Bv L. G BARTH amd PAUL L KIRK 
{Frtm tke Dwmon of Biock^rmsUyt VnfO€rs%iy of Caltforrivi, Berkeley) 

(Received for pubbcation, December 23, 1941) 

INTRODDCnON 

Cunningham and Kidc (1) described a differential microrespirometcr con 
structed of metal, which had a number of advantages over previously described 
instruments Most important of these was its freedom from the necessity of 
mamtaming a constant temperature by means of a thermostat In addition, 
It was highly sensitive (depending on the capillary diameter, down to d=0 OOlX 
reading accuracy) , it permitted the use of any desired gas mixture, it allowed 
mixing of solutions during a run, and it could be adapted to numerous types 
of biological matenaL Its most important deficiency was the difficulty of 
construction to render it gas tight. Because of the large amount of labor 
necessary, the cost of multiple umts became relatively high 
The recently described respirometer of Tyler and Berg (2) also avoids the 
necessity of mamtaming a constant temperature It is subject to errors due 
to uneven heating of its two gas spaces and its construction from glass does not 
ffidhtate rapid equdibratioii of these spaces when unsymmetncal temperature 
changes occur It is customarily operated m a water bath for this reason and 
to keep the organism at a known temperature Only when the latter pre- 
caution IB necessary, is there any reason for keeping the metal differential 
instrument m a constant temperature bath 

In order to simplify the construction and reduce the cost to a point which 
was practical for routine and class use, the mstrument described here was 
developed as a modification of the onginai instrument of Cunningham and 
Kirk- It offers nearly all of the advantages of the original mstnimcnt com 
bmed with simple, inexpensive construction and greater adaptablhty to mid 
tiple determinations 


Dojcnpitoft 

The respirometer consisted of a rectangular metal block containing two 
identical chambers, covered with a head plate of the plastic, Incite (or metal), 
on top of which was placed a capillary carrymg an mdex droplet of kerosene 

•Aided by grants from The Rockefeller Foundation and the Research Board of 
the Umvernty of CaEforma. 
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The apparatus was held together by means of a stnp of channel brass on top 
of the capillary, the stnp bemg attached by means of screws to the block 
Seals were effected throughout by means of stopcock grease and rubber washers 
A detailed construction diagram is shown m Fig 1 The mam block, A, 
was constructed from a 3 mch length of rectangular brass, 11/4x3/4 inches 
One narrow face was machmed to form a rim around each of two chambers. 




Fig 1 Construction diagram of differential rmcrorespirometer 


which were drilled symmetrically 1 5/16 mches apart and 3/8 inch m diameter 
At each end of the block was inserted a threaded bolt which served to fasten 
the apparatus together On the block was fitted a head plate B, of the same 
dimensions as the top of the block and consisting of a flat piece of Incite, 
1/8 mch thick (or a smular brass piece), drilled to shde over the end bolts and 
with a 1 mm hole drilled over each chamber center Head plates made of 
Incite had the advantages over metal plates of aUowmg observation of the 
organism durmg a run, and of a direct check on the contmuity of the grease 
seal to the chamber block 
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Above the head plate was placed a glass capillary tube Z), prepared as 
follows A capillary tube of appropriate and uniform diameter (0 1 to 1 0 mm.) 
and 13/4 inches m length was flattened on one side by grmding to a width of 
1/8 to 5/16 mch The surface was polished somewhat to remove frosting, by 
means of a smooth stone Two holes were drilled through the flat side to 
connect with the capillary bore and separated by the distance between the 
chamber centers, 1 5/16 mches A blunt 27 gauge synnge needle was used 
with grinding compound to drill these h^fles To insure a tight fit of the 
capillary to the head plate, two small rubber gaskets C, were used, each of them 
perforated by a short length of 27 gauge hypodermic needle The capillary 
was carefully cleaned -with chromic add mixture to insure smooth movement 
of the mdei droplet. The ends of the capillary were stoppered with smaH 
plugs of paraffin which were pushed mto place and scaled by mild worming 

The head plate and capillary were held tightly to the chamber block by 
means of a piece of channel brass stop £, drilled to shp over the threaded bolts 
attached to the block. The bottom of the channel brass was slotted over the 
entire length of the capillary D, so as to press only on the sides of the latter 
The atnp B was fastened down by two thin knurled nuts F, which served to 
tighten the connections of all the parts to give gas-tight seals. In clampmg 
down the piece £, the screws had to be slowly and evenly tightened to prevent 
forcing the mdex droplet mto the sytin^ needle connections The position 
of the droplet was finally adjusted by aiigbtly altenng the tension of the thumb- 
screws, after which they were not disturbed for the duration of the taeas- 
urements 

A scale cut from graph paper was placed under the center part of the capil- 
lary under the slotted portioa of the channel brass piece, through which the 
movement of the index droplet could be read The scaled surfaces were m 
all cases coated with stopcock grease applied with a small hypodermic syringe. 
These mcluded the raised run around the tops of the chambers, and both sides 
of the rubber ^skets used to seal the connections of the capillary to the 
head plate 

Alterations m the size of chambers were made by filling them to any desired 
height with paraffin or wax. The top surface of the material used was 
smoothed and adjusted approximately by use of a flat end of a metal rod of 
slightly smaller diameter than the chambers It was necessary to fill each of 
the chambers to approximately the same height to obtam proper differential 
compensation The actual volumes of the chambers after adjustment were 
m all cases determined by calibration with mercury, after greasing the metal 
to prevent amalgamation. Inside each chamber was placed a dL<^k of luatc 
which earned a depression to hold the organism being studied and one for a 
droplet of caustic solution used to absorb the carbon dioxide produced by the 
organism The volumes of these disks were also determined and used to cor 
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rect the calibrated free space of the chambers Small known diSerences m 
the free chamber volumes were used as corrections in making final calculations 
of the respiratory rate 

In use, the chambers were charged in exactly the same manner except for 
the presence of the organism in one, thus equalizmg all effects except that 
being measured, vts , the rate of utilization of oxygen 
The mdex droplet of kerosene, prepared as previously descnbed (1), was 
placed m the capdlary as follows The tube^was removed and turned upside 
down A drop of kerosene was mtroduced mto one of the dnlied holes with a 
syrmge needle The excess was then removed by msertmg the end of a hard- 
wood toothpick which served to suck up the kerosene slowly enough that rapid 
removal of the wood would leave any desired amount behmd This droplet 
was forced to the proper end of the scale and the capillaiy damped m place 
After assembly of the apparatus, it could be tested for leaks by merely 
warmi n g one end with the hand, which promptly forced the index droplet 
along the capiUary On removal of the hand, the droplet would soon return 
to the original readmg if no leaks were present No driftmg of the droplet 
occurred when the apparatus was placed on a laboratory table for an mdefimte 
time, exposed only to the normal temperature variations of the room 
A low power stereoscopic magnifier was found useful m reading the movement 
of the mdex droplet, smce it made possible the easy determmation of the mems- 
cus position to 0 1 mm 

When the instrument was opened after a senes of measurements, the kerosene 
mdex droplet frequently was lost mto the hypodermic needle connections It 
was removed by holdmg the openmg of the head plate to a vacuum hne This 
also had the effect of keepmg these fine opemngs free of obstruction 

EXPEEIMENTAL 

In order to test the operation of the respirometer descnbed, the respiratoiy 
rates of numerous smgle pupae of Drosophila melanogaster were measured 
The curves showmg the oxygen consumption over a period up to 1 5 hours of 
three representative organisms. A, B, and C are given in Fig 2 The details 
of these determmations are as follows size of respiratory chamber, 189X, 
lucite cup, 64X, sodium hydroxide solution, 5X, volume of air, 120X, size of 
compensating chamber, 234X, lucite cup, 57X, sodium hydroxide solution, 
5X, volume of air, I72X, diameter of capillary, 0 22 mm , cross-section area, 

0 037 mm ^ It is seen that the respiratory rate is a straight hne function 
of time, the deviation of mdividual readings rarely being as great as OOlX 
It appeared that an excellent critenon of reproducibility of results would be 
to open the respurometer after a readmg, reseal it, and take further readings 
altematmg with openmg of the instrument Any systematic error involved 
m the use of the instrument should be perceived in such a study This was 




Fio 2 The oiygcn consumpUou of imglo i?row^/n7a pupae. 


TABLE I 

Oxjiai C^mumptloa cf Dmopktia PufC4 


Repeated meaiuremcnti on the taioe pupa. 


PfluaNo 

Obicmtkm No 

KoptnbZofr 

pciikl 

Oxyetfi 

rgowraert 

X 

lUu X/mln 



mU. 



1 

1 

15 

0 195 

0 0130 


; 2 

19 

0 252 

0 0132 


1 3 

15 

0 195 

0 0130 


I -i 

26 

0 334 

0 0129 


! 5 

15 

0 202 

0 0134 


1 ^ 

25 

0 348 

0 0138 


7 

15 

0 202 

0 0134 




Mvm 0 0132 d: 0 0006 

2 

1 1 

15 

0 248 

0 0164 


1 2 

! 15 

0 248 i 

0 0164 


3 

15 

0 240 

0 0160 


4 

1 

0 266 

0 0165 


5 

25 

0 443 

0 0177 


6 

1 

0 284 

1 0 0185 



1 

hlean 0 0169 d= 0 0016 

3 

1 

1 ^ 

0 615 

1 0 0177 

1 

2 

10 

0 175 

, 0 0174 


3 

24 

0 410 

0 0170 




Mean 0 0174 ±0 0001 

i 

1 

28 

0 005 

1 0 0216 


2 

20 

0 435 

0 0218 


1 


Mcaa 0 0217 ± 0 0001 

S 

1 1 

76 

1 100 

0 0145 


2 

16 

0 252 

0 0157 




Mean 0 0217 ± 0 0001 

6 

1 1 

S3 

0 860 

0 0148 


2 1 

12 

0 164 

0 0137 


i 


1 3ieaa 0 0143 ± 0 0006 
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accordingly performed usmg six separate pupae, and making as high as seven 
determinations on a single organism, each of which was made after opemng 
and resealmg the apparatus The data are given m Table I Tune intervals 
from 10 to 76 mmutes were used to prevent standardization of error The 
maxunum observed deviation from mean was with pupa 2] which amounted 
to ±0 OOlbX/iiiiiiute The mean deviation from mean of all organisms meas- 
ured was 0 0004X/mmute or an average of 2 4 per cent 
In obtaining the above data, all pupae used were observed later to see that 
they emerged Two such organisms which showed a very low respiratory 
rate failed to emerge and the data were discarded No effort was made to 
select pupae of the same size or age m this study 
In comparison with the ongmal respirometer from which this was modified, 
it IS apparent that the accuracy and reproducibility are not diminished No 
arrangement for mtroduction of special gas mixtures is included in the design 
It was possible to mtroduce such mixtures by partially disassembling the appa- 
ratus and quickly closmg it afterward It was found definitely easier to operate 
than the original apparatus, due to its easy assembly In spite of the lowered 
metal content of the chamber block and its lack of complete symmetry, it was 
not affected by temperature change m a manner which should ever cause 
difficult)- in normal circumstances Its shape permitted simultaneous use of a 
number of mstruments placed side by side, each of them assistmg m mam- 
tammg constancy of temperature m the others by increasing the mass of metal 
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CORRECTION 


On page 333, VoL 16, No 3, January 20, 1W2, the cuts for Figs. 1 and 3 should 
be Interchanged The Legends should remain where they now appear 




THE ACTIVATION OF PAPAIN TRYPSINASE AS A FUNCTION OF 
THE NATURE OF THE ACTIVATOR 

Bt GEORGE W IRVING, JOSEPH S FRDTON asd MAX BERGMANN 
{From the LaboraUmes of The Roci^dlcr InsUiultfor Medical Ruearch) 

(Received for publication, February 7, 1942) 

Papain contains a cysteme-activatable proteinase that hydrolyzes benzoyl- 
I argmineannde (1) This enzyme has been shown to have a speofiaty similar 
to that of crystalline pancreatic trypsm (2) and therefore has been designated 
papain trypsmaae (3) 

Previous experiments have shown that papain trypamase exists m two mac 
tive forms winch can be designated papam-ot-tiypsinase and papam ^-tryp- 
smase (4) Only the /B-trypsinase can be activated by HCN However, 
ct-trypsinase can be transformed mto the ^-form by mmute amounts of aulf- 
hydryl compounds such as HiS or cysteme. The activation of the ^-fonn by 
an excess of HCN or H*S is completely reversed when the activator is removed 
xn vacuo These results have been interpreted to mdicate that the reversible 
activation of papain*^trypdnase consists in the formation of dissoaable ac 
tivator trypsin ase compounds, as represented below 

(tf) ^-Ttyp»ma>.c + HjS 5^ HjS-^-trypsinaae compound 
(inmetive) (active) 

(6) ^Tryprinaw + HCN ^ HCN ff-tiyprinaae compound 
(inactive) (ective) 

It IS the purpose of this commumcaUon to present additional evidence that 
the activator trypsmase compounds obtamed with a vanety of activators rep- 
resent different enzymatic entities the proteolytic properties of which depend 
upon the nature of the activator employed. 

The SxtnuUaneous Action of Tw Activators — ^These experiments were per- 
formed with a papam preparation obtamed from crude papaya latex by HjS 
treatment followed by methanol preapitation and thorough dialysis as de- 
scribed m (4) In all of the expenments to be reported m this paper, the entire 
activation and hydrolytic procedures were canned out m an atmosphere of 
mtrogca the apparatus and technique described m the experimental 
section. 

A sample of the dialyzed papam when activated by treatment with cysteine 
(0 002 nm per cc.), possessed a proteolytic coefficient^ towards benzoylargmine- 
flTTiiHpi (Cbaa) of 0 16 (Table I) The fact that this coeffiaent represents maxi 

' The proteolytic coeffiaent is defined in (1) 
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mum activation is indicated by the observation that a tenfold amount of 
cysteme produced essentially the same coefficient With HjS as activator, a 
coefficient of 0 07 was obtamed In still another experiment, papam was 
treated simultaneously with cysteme and HjS, and the ratio of the concentra- 
tions of H 2 S and of cysteme was 10 1, here Cbaa was found to be 0 10, a value 
which hes between the coefficients for cysteme alone and HjS alone Subse- 
quently, the HjS was removed from the activated enzyme solution by evacua- 
tion under anaerobic conditions The remaimng solution, which still contained 
cysteine, but no HoS gave a Cbaa of 0 16 This value is identical with that 

TABLE I 


Stmtillaiteous Action of Cysteine and H^S and of Cysteine and ECN on Papain 
Substrate, benzoylarguuneamide Temperature, 40“, pH S 1 to S 2 


Papam concen- 
tration In teat 
saluXion 

Activator m teat solution 

^BAA* 

t^BAA* 

ag PJf Per cc 

0 0264 

mit per cc 

(a) Cysteme (0 002) 


0 15 


(b) Cysteme (0 020) 


0 16 

0 0264 

(c) HiS (0 020)t 

0 0018 

0 07 


(d) Cysteme (0 002) + HaS (0 020)t 

0 0026 

0 10 


(e) (d) Evacuated to remove HjS 

0 0041 

0 16 

0 0264 

(f) (e) +HiS(0 020)t 

0 0030 

0 11 

0 0264 

(g) Cysteme (0 005) + HjS (0 020)t 

0 0036 

0 14 

0 0264 

(h) (g) Evacuated to remove H 2 S 

0 0045 

0 17 

0 0264 

(») HCN(0 020)t 

0 0019 

0 07 

0 0264 

0) Cysteme (0 00004) + HCN (0 020)t 

0 0030 

0 11 

0 0264 

ik) Cysteme (0 00008) + HCN (0 020)t 

0 0031 

0 12 

0 0264 

(/) Cysteme (0 002) + HCN (0 020)t 

0 0044 

0 17 


* For defimtion of these terms, see (1) 

} Incubated for 2 hours at 40“ before addition of substrate 


obtamed when cysteme alone was employed as activator Upon addition of 
HsS to the evacuated enzyme solution, the proteolytic coefficient for the 
hydrolysis of benzoylarginmeamide dropped to 0 1 1 
The results, tabulated m Table I, demonstrate a seemingly paradoxical 
phenomenon in that, under these experunental conditions, the activity of 
papam ^-trypsinase is mcreased by removmg an activator and decreases upon 
addition of an activator These results may be explamed readily on the basis 
of the mechanism of activation as represented m the reactions (a) and (b) 
Wffien papam /3-trypsmase is treated with an excess of cysteme, the dissociable 
compound cysteme-)3-trypsmase is formed which possesses a Cbaa of 0 15-0 16 
Similarly, H:S treatment of papam-/3-trypsinase results m the formation of 
HiS-/3-trypsinase which has a Cbaa of 0 07 When both activators are present. 
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a portion of the trypsmase will combine with HjS and the remainder will com- 
bme with cysteine. The concentratioiis of HiS-jS-tiypsinase and of cysteine*^ 
trypsmase will depend upon their dissociation constants and upon the relative 
amounts of /S-trypsmase, H*S, and (ysteine present. Thus, when the H!iS 
concentration is ten times that of cyatcme, it should be espected that 
trypsmase should be formed at the e^iense of cysteine-/5-trypsinase and that 
the coeffiaent for the hydrolysis of bentoylargnuneamide should be lower than 
the maximum value for the cysteme-^trypsinase and higher than the maximum 
value for the H^S^trypsinase. 


) cystdnc-^tQmsuiAscl “HiS 

^-Tryprinase + cyrtdne + HtS ^ cyiteuie*^tiyp*ma»e 

1^ HtS-zMiypcinaM J +H»S 


(CbaA-OIO-OJI) 


(Cbaa •• 0T6) 


Removal of HiS from the miiture of the two enzymes completely dissociates 
the HjS^trypKinase, leaving cysteme-^-trypsmase as the only enzyme. How 
ever, subsequent addition of sufficient HiS to reestablish the 10 1 ratio of 
H*S cysteine, bnngs about partial dissociation of the cystcme-^trypsinase 
and re-synthesis of the HtS-^trypsmase 

It would be predicted also, that a smaller dffierence In the concentrations of 
HjS and cysteine, when used together to activate the trypsmase, would result 
m the formation of a mixture of enzymes whose coeffinmt would be nearer that 
of cysteme-ff- trypsmase. This is borne out by data mdnded in Table I where 
It is seen that the mixture of active compounds formed by activating /3*tryp- 
with HtS and cysteine m the ratio 4 1, possesses a coefficient of 0 14 
As before, removal of the HfS tn vacuo results m an increase m activity to a 
value closely appronmatmg that found for cysteine ff- trypsmase. 

Furthermore, it may be concluded from the results of Table I that both HaS 
and cysteme activate the same enQmiatic component of papain. If HiS were 
activating one component of papam and <ysteme another to give two active 
^trypsinases both capable of hydrolyzing benzoyiargmmcaimde, then the 
sunuitaneous use of both activators m excess should produce a proteolytic 
coefficient equivalent to the sum of the maximum coefficients obtained with 
HjS alone and cysteme alone This is not found to be the case. 

Similarly, it may be concluded that HCN and cysteme activate the 
enzymatic component of papam. It will be recalled that only the ^trypsmase 
is activated by HCN The low Cbax value obtained after activation of the 
papam preparation with HCN (Table I) indicates that much of the trypsmase 
IS m the inactivatable ot-fonn- However, a cysteme concentration of 4 X 10^ 
roM per cc of test solution is sufficient to bring about complete transformation 
of oc-trypsmase to the ^fonn, thus making it possible to obtain the rrmTimnyp 
proteolytic coeffiaent for HCN-^trypsuuse (Cbxa * 0 11-0 12) It is aj>- 
parent that when cysteine and HCN are used simultaneously and m excess to 
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activate the trypsmase, the Cbaa value (0 17) obtained is significantly less than 
the sum of the Cbaa values (0 26) for the cysteme-i3-trypsmase and HCN-/3- 
trypsmase 

T'/is Proteolytic Coefficient As o Punctioii of the Nature of the Activator — The 
experiments described m this section were performed with a papain fraction 
(“Papain B” of (1)) obtained by a procedure similar to that described by Balls 
and Laneweaver for their crystallme papam (5) Smce this papam fraction 
was found to hydrolyze benzoylargmineaimde m the presence of either HiS or 
cysteme considerably faster than the papam used m the experiments of Table 
I, it may be regarded as a more concentrated preparation of papain tiypsinase 
Consequently, this preparation was chosen for the comparison of the Cbaa 
values m the presence of four different activators, namely H 2 S, cysteine, 
glutathione, and HCN 

The enzyme preparation was thoroughly dialyzed against distilled water 
before use In the highest concentrations apphed m these experiments, the 
dialyzed enzyme preparation contamed insuffiaent natural activator to cause 
any appreaable hydrolysis of benzoylarginmeamide (Cbaa = 0 00) Further- 
more, the preparation contamed most of the trypsmase m the a-form as is 
apparent from the relatively low proteolytic coefficient obtained by the use of 
HCN as the activator (Cbaa = 0 07) For the detenmnation of the maximum 
proteolytic coefficients with the sulfhydryl activators, the presence of a- 
trypsmase was of no consequence smce traces of each of these activators are 
capable of transformmg a-trypsmase to the jS-form In the determination of 
the maximum proteolytic coefficient with HCN, suffiaent cysteme (4 X 10~® 
mil per cc ) was employed to ensure complete transformation of a-trypsinase 
to the /3-form 

The comparative activities of the activator-trypsmase compounds are pre- 
sented m Table H Each of the activators was shown to be present m sufficient 
excess to brmg about maximum activity, smce m each case doubhng the ac- 
tivator concentration failed to increase the rate of hydrolysis For each of the 
activators the velocity constants obtamed were found to be directly propor- 
tional to the enzyme concentration 

The results show that the proteolytic coefficients obtamed for papam tryp- 
smase are dependent upon the nature of the activator employed Under the 
conditions of maximum activity the HCN-activated trypsmase hydrolyzes the 
substrate at more than twice, and the cysteme- or glutathione-activated tryp- 
smase at more t'hnn three times the rate found for the HaS-activated trypsmase 
In effect, therefore, the compounds of trypsmase with different activators be- 
have as different enzyma.tic entities 

Cysteme-papam trypsmase also hydrolyzes benzoyl-Mysmeamide (2) Ex- 
periments are m progress to determine whether the ratio Cbia/Cbla ffir the 
vanous actix’ator-^trjqjsmase compounds is the same, i e , whether these com- 
pounds may be regarded as homospecific enzymes (3) 



TABLE n 

Action of Seocrd Adhaiors on Popaw 
Substrate, bcnxoylan^nlncamlde Temperature, 40®, pH 5 0 to 5 J 


AclirUor 

PtOalnCeactn 
tntloo Ib tot 
•olatioB 


Avenfo 

ClAA 

OJQO 1 

CLcua 


] 

1 



ml PJT ftra. 






HjS* 

0 OIOS 

0 0015 







1 0 0012 


— 

— 




0 0014 

1 





0 OISS 

' 0 OOlP 

i 






0 0023 

0 13 

— 

— 



1 

1 0 0020 

1 






0 0023 


1 




0 0210 

0 0025 

1 

0 0023 





0 0024 


0 0023 

^Wr^l 




0 0027 

1 




Cytteine 1 

0 0063 

0 0022 

1 

1 





0 0024 



— > 




0 0024 


~ 1 



1 

0 0085 1 

0 0035 







0 0035 

0 41 


— 

0 38 



0 0035 






0 0105 ' 

0 0037 



1 




0 0011 



0 37 1 




0 0042 

1 





Glutathione 

0 0063 

0 0026 1 







0 0023 1 

0 38 

— 

— 




0 0024 






0 0105 

0 0038 

0 38 1 



0 37 



0 0039 



i 0 36 




0 0043 




1 

HCNTt 

0 0053 

0 0017 







0 0016 

0 32 

— 

— 




0 0018 1 



I 



0 0034 

j 

j 










0 30 


0 0105 

0 0028 1 

1 






0 0031 

0 30 

— 

— 




0 0033 

1 





* Incubated (or 2 bourt at 40® before addition of tubstrate. 

tin this tenet tbeteatiohitloiiedso contained 4 X 10~* nm cysteine per 
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ACUVAIIOX OS PAPAIN XRYPSINASE 


EXPERIMF.NTAX 

Apparatus — ^The apparatus used for canymg out enzymaUc expenments m nitro- 
gen is siLowndiagrammatically in Fig 1 The apparatus IS constructed of Pyiex glass 
and standard interchangeable ground glass joints and stopcocks 

A descnpbon of the procedure used in the expeninents on cysteine activation (Table 
n) vail be given to illustrate the technique 

A slow stream of mtrogen, purified by passing the gas over hot reduced copper, 
enters the apparatus as shown at the left of the diagram The glass tubmg to vessels 



IF and S is flushed out with nitrogen and the stopcocks K and L axe closed Flask 
TI^ (500 cc ), is filled uath distilled water and the water is boiled for several mmutes 
wath J/ open to remov e air The stopper is replaced m M and the vessel is allowed 
to cool to room temperature Nitrogen is admitted through K until atmospheric 
pressure is established In this, and m subsequent operations, the stopcock P and 
the b>-pass maj be used to mdicate when pressure eqmlibnum has been established 
WTien mtrogen is not bemg used, it is allowed to escape through the by-pass 

Air-free water is obtamed from W as needed by opening K to provide a positiv e ni- 
trogen pressure m TI so that air cannot enter IF when If is opened, mserting a pi- 
pette equipped with a Ught rubber collar mto the water through J/, allowing nitro- 
gen pressure to fill the pipette to the desued volume, removing the pipette and 
repbcmg the stopper in If, dosmg K 
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TTie jubstraU (bcDxoylarguuneamide HQ HjO 2 074 gm ) is wo^ed into the 
vessel 5 (50 cc.) and the is half filled with air free water By successively 
evacuating the vessel through 0 and refilling with nitrogen through L several tunes, 
air contained in the vessel la rcmovecL The solution is then diluted to 50 cc. with 
air free water Air free substrate solnUon (0 125 u) can be removed as needed by 
following the procedure described above for obtaining air free water 

The reaction vessel zs connected at F by means of a short length of pressure tubing 
and nitrogen is passed throu^ G for several minutes to remove air from the system 
from i? to G The stopper is rqilaccd in G, F is connected to D and mtrogen is 



Fio 2 Apparatus for storage and d^veiy of air free H|5 solutions of constant 
litre. 

passed through B-F D~E while the materials under test arc mtroduced into A The 
entire assembly mchidcd in the ground jomt at 27 is lifted and the desired volume of 
cnayme solution (usually 1 0 or 2 0 cc.) and 1 0 cc. of 0 2 molar atratc buffer (pH 
5 0) are pipetted Into A The assembly is replaced In U and the system is evacuated 
(cautiously at first to mmimue foaming) by means of a water pump at T The 
stopcocks at E and C are dosed and nitrogen is admitted through B until pressure 
equihbnum is attained. Evacuation and refilling with mtrogen is repeated several 
tunes to remove air from the vessel and contents. The required volume of air free 
01 m cysteine solution (2 0 cc. for a cystane concentration of 0 020 mir per cc. of 
test solution) is now added through G by means of a rubber-collared pipette. The 
solution It forced Into the reaction vessd by a stream of nitrogen pacing from B 
to H Substrate solution (4.0 cc. of 0 125 m solution to give a concentration of 0 05 
mu/cc. of test solution) is then added in caactly the same manger The reagents are 
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rinsed into the vessel and the mixture is diluted to 10 0 cc by adding air-free v?ater 
through G 

The end of the sampling tube V is lowered to position V by shdmg the tube 
through the rubber sleeve X The solution m ^ is mixed by shaking or by bubbling 
mtrogen through V for several seconds P is disconnected from D Samples are 
removed for titration (6) by forcing the solution under mtrogen pressure from B, 
mto the well at D (volume of well approximately 0 3 cc ) from which 0 2 cc samples 
can be taken readily by means of a micro pipette The excess of solution m jD is 
discarded through E T" is agam connected to D and, after mtrogen has flushed all 
air from D, the solution m the samphng tube is returned to A by nitrogen pres- 
sure at D with H open Subsequent samphngs at the desired tune mtervals are 
accomplished s imila rly Between samphngs, stopcocks at C, B, and H are kept 
closed and the mtrogen escapes through the by-pass 

With practice, 1 mmute is required to remove 2 titration ahquots and to return the 
solution m the samphng tube to the reaction vessel At the start of an experiment 3 
to 4 mmutes are required to add substrate solution, dilute to volume, mix, and remove 
the mitial samples In successive samphng, the tube V and the well D are nnsed 
free of the previous sample by discardmg several portions of the test solution through 
E before the titration sample is pipetted 

Experiments of the type descnbed m Table I can be earned out convemently m 
the apparatus by employing essentially the same techmque descnbed above In the 
experiments requmng the in vacuo removal of HoS, a trap containmg lead acetate 
solution is placed between T and the pump Complete removal of HrS is effected by 
repeated evacuation and refilhng with mtrogen 

Activator Solutions — With the exception of H 2 S, activator solutions were prepared 
freshly immediately before use Air-free 0 1 il cysteme, glutathione, and HCN 
solutions were prepared by placmg the proper amount of cysteine hydrochlonde, 
glutathione, or KCN m an air-free volumetnc flask and dilutmg to volume with air- 
free water and suffiaent n NaOH or N HCl to make the final solution pH SO To 
prevent volatihaation of HCN, this activator solution was prepared and kept m 
an ice bath 

Air-free HjS was prepared and stored m the apparatus shown m Fig 2 
The bulb G is detached at E and the rest of the apparatus is filled with H 2 S by 
passmg the gas through the opemng at E for several minutes G is filled with air- 
free water and the water is saturated with H 2 S at 0°C The bulb G is connected to E 
and the apparatus is mverted, so that the H 2 S solution fills D and C B and K are 
closed and the apparatus is placed upnght With H and F open, HjS pressure is 
apphed at A to force the H 2 S solution above K to the bottom of D All stopcocks 
are closed and the entire set-up is kept m a constant temperature cold room 

To remov e a sample of air-free H 2 S solution, stopcock K is opened and a measured 
amount is drawn off at B If the pressure in B becomes too low to permit dehvery 
from B, raismg the bulb G with F and B open will reestabhsh the necessary pressure 
Prepared and stored m the manner descnbed, the H 2 S solution is perfectly clear 
and Its concentration remams constant for long penods The apparatus provides a 
readily available source of known amounts of H 2 S Standardization of the solution 
IS accomplished b> lodometnc tiLraUon (7) A solution of H 2 S prepared and stored 
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in thia manner was 0 18 it when prepared and had exactly the same molanty 3 months 
later 
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PURIFICATION OF THROMBIN 
By H. MII.ST02^E* 

{From Iks Labcraloncs of Tks Rocktfdltr InsiUuU for Medxcal Research, Prineden, 
Noe Jassy) 

(Recoved for publication^ March 10, 1942) 

The coagulation of blood is cuatomaxfly considered to proceed in two stages 
During the first stage a senes of reactions results in the activation of prothrom 
bin to thrombin. In the second stage thrombin brings about the conversion 
of fibrinogen to fibnn, which composes the solid framework of the blood dot 
The mechanism of these reactions bos yet to be unraveled, despite a great deal 
of work with crude nmtcnals. Consequently, recent years have seen in 
creasing attention devoted to the punfication of the central factors in the 
clotting system (1-7) 

The purpose of this paper is to present a new method for the punfication of 
thrombm, which regularly yields a product the specific activity of which is 
100-175 times the potential specific activity of whole plasma 

Prtp<iT<ii\an of Proihromhn 

The first two steps of this method were denved from the procedure of 
Mellanby (1) The present modification has yielded consistently good results 
when employed on fresh plasma from carefully collected blood 

Oxalated beef plasma which was no more than 4 days old was fractionated as 
outlmed in Table L The cuglobulms were preapitated from diluted plasma 
at pH 5.2 From the preapitate, which contained prothrombin, thromboki 
nase, and fibrinogen, most of the prothrondiin was extracted by dilute calaum 
bicarbonate. Dunng the earlier work with this procedure, it occasionally 
happened that the finely suspended giobulm would flocculate heavily upon 
the addition of the calaum bicarbonate, and thus render the extraction ineffi 
aent. It appeared that the success of the operation depended on extractmg 
the prothrombin before the fibnnogen had progressed too far toward coagula 
Uon. Therefore the time limits recorded in Table I were closely observed 
Only scrupulously dean apparatus was used, since extraneous matter often 
accelerates coagulation. 

The prothrombm was preapitated from the extract between 0 28 and 0 JS 
saturate ammomum sulfate. It was then made up to approximately 1 mg 
protem mtrogen per mi and twice repreapitated by 0 45 saturated ammonium 
sulfate The final precipitate, dissolved m a small quantity of distilled water, 
gave an amber, opalescent solution, the pH of whiti was 5 4 After dialysis 
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PDRIFICAnON OP THROiTBIN 


TABLE I 


Preparalton of Prothromhtn and Conversion to Thromhm 


Oxalated beef plasma 

In 4 alu min u m v'ats 3 5 bters of 1 per cent acetic aad starred with 
201 4 hters distilled water 10 6 hters plasma added, stirred 
gently Allowed to settle 2 hrs at 20“C Supernatant siphoned 
off Euglobuhn preapitate 

No 1 suspended m remaming mother hquor and packed by centrifu- 
gation Cake ground m mortar and suspended m 20 hters dis- 
tilled irater at 20“C Suspension distnbuted among seven 6 hter 
Erlenme>er flasks 3 hters dilute calaum bicarbonate added to 
each flask ■nhich ivas immediately closed by a rubber stopper and 
mised by mversion Sohd kept m suspension by occasional mv er- 
sion of flasL After 20 min at 20°C flasks kept m water baths at 
6°C for 75 min Supernatant decanted through coarse folded 
filters at 6°C Sediment packed by centrifuge m rubber stoppered 
tubes Supernatant poured mto filters. 

Combmed filtrates = extract 

39 hters No 2 stirred bj' motor while 13 6 kg sohd ammomum sul- 
fate added slowly Stirred 2 5 hrs at 20®C Plus 80 gm Filter- 
cel Filtered \nth suction Filter cake stirred 15 mm mth 1 hter 
0 9 per cent sodium chlonde and filtered with suction 

Filter cake 
Filtrate and aashmgs 

No 3 stirred 15 nun mth 350 ml 0 9 per cent sodium chlonde Fil- 
tered mth suction Fdtrate and washmgs 

No 4 and No 5 combmed, 1,550 ml Plus 600 ml saturated am- 
momum sulfate to approximately 0 28 saturated Centrifuged 
Preapitate discarded Supernatant plus 600 ml saturated am- 
momum sulfate to approximately 0 45 saturated Supiematant 
discarded Precipitate 

No 6 dissohed m distilled water to 1 hter of solution Plus 818 ml 
saturated ammomum sulfate, centrifuged Precipitate 

No 7 dissolved In distilled water to 1 hter of solution Plus 818 ml 
saturated ammomum sulfate Centrifuged Precipitate 

No S dissolv ed m distilled water to 90 ml solution 

Concentrated prothrombm 

No 9 dialj-zed against 3 5 hters 0 09 saturated ammomum sulfate at 
6°C 1 week at 20'’C then stored at 1°C 

Crude thrombin 


No 




1 

3 

a 

.a 

Oh 

a 

H 

tc 


e 

E 



1,900 


1,500, 


960 


720, 


640 


260 


11 


1 6 


0 17 


0 12 


0 11 


0 11 


170 


940 


5,600 


,000 


,800 


400 


The underhned figures are average values from six preparations 

the concentrated prothrombin was set aside to change to thrombm The 
preparation up to the pomt of dialysis was completed within 24 hours 
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‘‘Spontaneous^^ Actwalxon of Concenlraied ProUirominn 

The conversion of prothrombin to thrombin under these conditions proved 
to be particularly mtercsting, especially when compared to the behavior of the 
extract from which it had been concentrated The pH of the extract was 
usually 6 8 When stored in the ice box it lost about 10 per cent of its pro- 
thrombin per wcekt but produced no detectable throrabuL Even when calaum 
and physiologic saline were added, it did not develop thrombin unless an 
activator such as cephalm or lung extract were mcluded 

In contrast, the concentrated prothrombm changed to thrombm without 
any added activator Furthermore, ionised calaum was unnecessary Quan 
titative determinations on the concentrate showed the calaum to be 0 002 u, 
and this was probably bound to protem* The essential condition for “spon 
taneous^' activation seemed to be the concentration of the biologic material 
Indeed, activation could be retarded merdy by dilution of the concentrate. 
The data on hand do not permit a deosion as to whether it was the prothrombm 
Itself or some accompanying factor which was responsible for this phenomenon. 

In a senes of experunents performed at pH 7 4 it was found that 0 026 n 
oxalate failed to retard activation. Although the conversion was accelerated 
by crystalhne trypan {if 8) it was unaffected by crystalline trypan inhibitor 
ConditioDS which favored rapid activation did not necessarily lead to better 
yields of thrombin. For example, activation was much faster at pH 6.5 than 
at pH S 4 but thrombm was destroyed more rapidly at the higher pH, resulting 
m a lower tmal yield Conditions for optimal yield were found to be 0 1 
saturated ammomum sulfate at pH 5 4 and the temperature variations men 
tinned m Table I 


Pradvmaiion of Crude Throminn 

Prehminaiy c:qpcnments had shown that thrombm was soluble m 0 45 
saturated ammonium sulfate, whereas crude prothrombm was not. In the 
fractionation of prothrombm (Table I) particular care had been taken to 
dimmate protem which was soluble m 0 45 saturated ammomum sulfate. 
Therefore, proteins insoluble in that solvent constituted almost all the im 
pun ties which were present m the concentrated prothrombm and consequently, 
in the crude thrombm On the other hand, a large proportion of the thrombm 
Itself would be crpected to remam dissolved m 0 45 saturated ammomum sul- 
fate when the crude thrombm was fractionated. Such was the case, as is 
shown m Table H, where the most soluble fraction, 9/15 HI, contained almost 
half the total activity, but only 3 per cent of the total protem. When 9/15 
m was again treated to remove protein soluble m 0 45 saturated ammonium 
sulfate, the specific activity rose from 15,100 to 22 000 From there on 
fractionation was difficult but clearly showed that the protem was not yet 
homogeneous As may be seen from the data m Table H, the thrombm was 
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PUSIEICA.TION OS' THROilBIN 


TABLE n 

Fracltonahon of Thrombin 



"SO 

Total -J 
9 acj *3 

sis ^ 


Crude thrombin from 3 preparations plus distilled water to 
3 liters plus 2,450 ml saturated anunomum sulfate and 
75 gm Filter-cel Filtered 

Filtrate and washing 

Cake stirred m 3,300 ml distilled water Plus 2,700 ml 
saturated ammonium sulfate Filtered 

Filtrate and washmg 
Residue 

No 1 and No 2 combmed Vol 111 hters Plus 2 3 kg 
ammomum sulfate and 24 gm Filter-cel Filtered 

Filtrate discarded 

Cake extracted twice ivith 900 ml 0 45 saturated ammo- 
mum sulfate Residue 

Combmed extracts plus 1,030 ml saturated ammomum 
sulfate Centrifuged Supernatant discarded 

Precipitate 

9/15 ni dissolved m 35 ml distilled water Vol 48 ml 
Plus 24 ml saturated ammomum sulfate Centrifuged. 

Supernatant 

Residue extracted twice with 150 mk 0 45 saturated am- 
momum sulfate Combmed extracts 

Residue 

No 3 and No 4 combmed Vol 370 ml Plus 212 ml 
saturated ammomum sulfate Centrifuged 

Supernatant 

Preapitate 

10/2 If dissoKed m 70 ml distilled water Vol 77 ml 
Plus 30 ml saturated ammonium sulfate plus 130 ml 
(0 99 saturated ammomum sulfate, 0 04 si pH 5 2 ace- 
tate) Centrifuged Supernatant discarded 

Preapitate extracted 3 tunes wuth 180 ml (0 5 saturated 
ammomum sulfate, 0 08 si pH 5 2 acetate) 

Residue 

Combined extracts plus 366 ml (0 99 saturated ammo- 
nium sulfate, 0 04 SI pH 5 2 acetate) Centrifuged 
Supernatant discarded 
Preapitate 

10/2011 dissolved in 70 ml (0 35 saturated ammomum 
sulfate, 0 OS pH 5 2 acetate) I’d! 76 ml 

Plus 16 5 ml (0 98 saturated ammomum sulfate, 0 08 si 
pH 5 2 acetate) Centrifuged Preapitate 

Supernatant plus 2 ml 0 98 S\S * Centrifuged 

Preapitate 


9/15/1 


9/15 n 


9/15/ m 


10/2 n 


10/20 I 


10/20 n 


11/10 A 
11/10 B 


15,100 


22,000 


11,100 


20,000 


1 15,500 
(25,600 
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TABLE n— 


SapemAtint plus 1 mL 0^ SAS Centrifuged. 

Predpttatfi 

Sapematant plus 1 mL SAS, Centrifuged. 

PrcdidUte 

SupenuUnt plus 30J mL 0.93 SAS. CeaCrifuged. 

Supemabint discarded 

Fredpdtnte extracted 10 times \nth 10 mL portions of 
(0J5 saturated ammooinia sulfate 0 03 tf pH S 2 ace- 
tate) Total for 10 extnurta 

Residue extracted rntL 10 mL porticmi o( (0S3 saturated 
Hmmnniiim sulfate, 0 03 kx pH S.2 acetate) 

Total for extracts 


Residue 


11/IOC 
11/11 A 

El-ElO 


Ell-ElS 

Eld-E17 

E18-E22 

E23-E25 


3 7 
3 4 
2 2 


|30,500 

129,700 

12 300 


43 ^ 


116,800 

1 4 26 100 

2 5 31 000 
0 9 
4 0 


22,000 


* Oils SAS (0 93 catorated samaalam sulfate, 0 08 u pH 5.2 acetate) 


accompanied by at leaat two other proteins, one of which was slightly less 
soluble (m 11/10 A and 11/10 B) and the other slightly more soluble (in 
E1-E17) than thrombin. 

It should be mentioned that the fractionation of Table II was the bat of 
several In other fractionations the specific activity stopped between 17,000 
and 30,000 In one case a sample was treated by se^'eraJ successive additions 
of saturated ammomum sulfate and gave twelve successive preapitates with 
a specific activity about 17 000 The reason for this may be surmised from a 
consideration of the closely mmilRr solubilities of thrombm and the final 
punties. The proportion of these impunties m the crude thrombm might 
determine at what pomt fractionation would become impracticable. It must 
be left to future work to determine to what extent the final impunties might be 
denved from thrombm itsdf and whether there are vanebes of thrombm 
molecules with different specific activities (cf 9) 

Scmt£ Froperttes of the Tknminn Fftparaliom 

From the data m Table EC it can be calculated that 70 per cent of the activity 
present m sample 9/15 HI could be accounted for m the 32 fractions denved 
from it in the course of the next 2 months In another experiment, on a sample 
having a specific activity of 13 000, it was found that thrombm was most 
stable at pH 5 2 Solutions containing 1 mg protem nitrogen per mi of 0.35 
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saturated ammomum sulfate at pH 5 2 lost less than 10 per cent of their activity 
m 4 days at room temperature 

Solutions havmg 1 mg protem mtrogen per ml and a specific activity of 
20j000 or more, were water-clear and had an almost imperceptible yellow tmge 
Dr Alexandre Rothen kmdly performed electrophoretic tests on several 
samples On Fig 1 is shown the best pattern obtamed, from a sample havmg 
29,000 thrombin umts per mg protem mtrogen Solubihty curves on several 
samples were of the rounded, sohd solution type mdicatmg inhomogeneity (10) 

A few tests for proteolytic action on casern (pH 7 6) were performed with a 
thrombm sample havmg a specific activity of 9,000 In the standard test (11) 
0 1 mg protem mtrogen caused no change m the viscosity of casern m 1 hour 
The effect of thrombm on the formol titration of casern was about 1/10,000 
that of oystalhne trypsm Of course, these tests do not exclude the possi- 



«r * 1 I » a 


Fig 1 Electrophoretic pattern of a thrombm preparation havmg a specific activity 
of 29,000 The solvent was (0 02 ir acetate buffer pH 5 2, 0 08 ir sodium chlonde) 
Thrombm migrated toward the anode The photograph was taken 2 hours, 47 
mmutes from start. The slender spike is a buffer effect and does not represent another 
protem component 

bdity that thrombm has some proteolytic action of fibrmogen As noted also 
by Seegers (5) purified thrombm has no fibrmolytic activity 

DISCUSSION 

If it be assumed that 1 molecule of prothrombm is converted to 1 molecule 
of thrombm havmg approximately the same molecular weight it follows that 
the same number would designate the specific activity of pure thrombin and the 
potential specific activity of pure prothrombm From the results herem 
presented, that number would be above 30,000 2,000 prothrombm units per 

ml plasma would then represent less than 0 067 mg prothrombm mtrogen 
Smce there are about 11 mg protem mtrogen per ml plasma, prothrombm 
comprises less than 0 6 per cent of the plasma proteins 

By the present assay method normal beef plasma contams 2,000 prothrombm 
umts per ml and human plasma, 1700 umts per ml By the Iowa method of 
assay, there are 314 Iowa umts of prothrombm per ml beef plasma, and 325 
Iowa ’umts per ml human plasma (3, 5) Thus, the present unit is 1/6 the 


H. IHLSTONE 


685 


Iowa unit Using this factor to convert the assay values of Seegers to the 
present unitage it can be calculated that the usual thrombin preparation ob- 
tained by Seegers had 28,000 umts per mg protein mtrogcn, and that his 
best preparation had a specific activity of 43,000 The hipest smgle assay 
value obtained during the present work was 36,000 Further comparison of 
the two methods migh t prove fruitful since their strong features are quite 
different. 


MaUnds and Methods 

Buffer for Fibnnogen — This was a 09 per cent solution of sodium chlondc con 
tabling 0 0067 u pho^hate buffer pH 7 4 and 0 013 u potassmm oxalate 

Buffer for Aisoys — 50 mL 0 t u aodlum diethylbarbiturato were mixed with 36 
tnl , 0 I u hydrochloric aad and diluted to 250 mL vnth oxalated salme. The firial 
concentration of oxalate was 0 0003 u. 

Colcwm Chloride , — 0 1 1 u. 

Calextm BtcarbonaU , — ^Distilled water was shaken with excess CaO The filtered 
aolution was diluted tenfold with distDled water COa was rapidly bubbled through 
the 0 1 saturated Ca(OH)j until the solution was yellow to brom thymol blue. Air 
was then bubbled through until the solution was orange to phenol red. The bottle 
was closed tightly with a rubber stopper 

BufPlasma , — Beef blood was obtained at the slaughter house. The blood gushing 
from a severed vessel was caught directly into 150 mL of 10 per cent potassium oxalate 
in a wide mouthed 4 liter Jar The mouth of the 5ar was not allowed to touch the 
wounded tissue and any blood which flowed over the wound was rejected. Wthm a 
few seconds the jar was H ftdl ^°d it was quickly stoppered and shaken After the 
blood had cooled m the ice box the plasma was col l ec t ed by centrifugation and stored 
at 6 C. 

Fxbnnogeu — 17 mL of saturated ammomum sulfate were slowly added to 50 mL 
of beef plasma. 15 minutes later the mixture waa centnfuged lightly for 5 mmutes 
and the preapiUte was immediately stirred thoroughly with 200 mL 0.25 saturated 
ammonium sulfate. After 15 minutes the residue was collected by centrifugation 
and dissolved in 75 mL of buffer Kept m the ice box these solutions were fairly 
stable and as will be seen below were sufficiently uniform for assay purposes. The 
small portions which were Nratmed to room temperature for each assay were not 
returned to the cold stock solution dnee long exposure to room temperature affects 
the dotting response. 

Lung Exirad — 0 5 gm dned beef lung was extracted by grinding with 10 mL of 
0 9 per cent sodium chloride. 

Atsay of Thrombin Adiniy — All reagents were at room temperature. The throm 
bm solution was diluted with buffer and to 1 0 mL of tho diluted thrombin was added 
0 J mL caldum chloride. Then 0 1 mL of this mixture was blown directly into 0.3 
mL of fibrinogen in a 10 X 75 mm. pyrex tube. The contents were immediately 
mixed by rapid osallation The dotting time was taken as the interval between the 
addition of the thrombm and the instant when the clot could hold its position with the 
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tube m\erted It was determined empmcally that the dotting time v,as m\ersely 
proportional to the concentration ol thrombm under these conditions A unit was 
defined as the amount which gave a dot m 300 seconds The dilutions were usually 
arranged so that 3 to 10 umts were estimated Example A solution of thrombm was 
diluted 1/16, then 3/10, and the calaum chlonde added 0 1 ml of this produced a 

dot m 50 seconds The onginal solution contamed 16X— X~X10X ~ = 3340 

3 iO 50 

thrombm umts per mi 

A standard solution was prepared by preapitatmg thrombm with ammomum 
suhate and dissolvmg the preapitate m glycenn Kept m the ice box this solution 
maintamed its titer for 8 months Durmg this time the titers obtamed mth eight 
iresh preparations oi fibnnogen \mned from 11,700 to 13,500 units per ml Only one 
iresh fibnnogen preparation (from anenuc blood) had to be discarded because it gave 
■V alues outside this range When a fibnnogen solution had aged to the extent that it 
ga\ e low titers for the standard thrombm it was replaced by a fresh preparation 

Prot! rombiii Assay — 0 9 mL of a buffer dilution of prothrombm was mixed with 
0 1 ml lung extract and 0 2 ml calaum chlonde At mtervals the activation mixture 
was assay ed for thrombm, the plateau value bemg used to calculate the potential 
actinty of the prothrombm 

Proletn NUrogai — ^Turbidity method (9) The turbidity curve was standardized 
by Kjeldahl determination on a sample havmg a specific activity of 18,000 

Tests for Proteolysis — ^Northrop and Kumtz (11) 

SUIDIARY 

1 Under certam conditions crude prothrombm changes to thrombm with- 
out the adchtion of extraneous activators and m the absence of lomc calcium 

2 Thrombm is soluble m 0 45 saturated ammomum sulfate, whereas crude 
prothrombm is not 

3 Partially' purified thrombm is comparatively stable m concentrated am- 
momum sulfate solutions at pH 5 2 

4 A method based on the above facts ynelds a thrombm preparation the 
specific activity of which is 100 to 175 tunes the potential specific activity of 
whole plasma 

This work was earned out under the gmdance or Dr John H Northrop The 
author is also mdebted to 3Ir J F Gettemans v ho helped work up 400 hters 
of blood 
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THE METABOLISM OF TISSUE CULTURES* 
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The study of tissue metabolism by clas.'ural methods has ccrtam scnous 
hmitatioiis which are obviated by the use of tissue cultures In mvestigating 
the mechanism of growth it is particularly desirable to use mtact cells, whose 
growth may be coutroEed dunng the penod of observation The present 
study deals with metabolic processes in cultures of embryomc tissue grown 
under normal conditions 

All espenmcnts were conducted on duck embryo tissue, usually 9 to 13 days 
old Musde, heart, and hver tissue were eiplanted together and grown by 
the roller bottle technique described by Shaw, Kmgsland, and Brues (1) 
Unless otherwise stated, cultures were grown in an artificial medium aimilax 
to that described by Baker (2), but without added scrum ^ In any one ex 
penment all culture bottles contained the same amount of medium per unit 
weight of wet tissue, a typical culture thus had 160 mg tissue and 4 cc. of 
medium Changes m composition of the medium resulting from metaboHsin 
of the e^lanted tissue were then fdlowed by analytical methods. 

Glucose UtUtzatum 

Previous observatioas have shown that tissues can use an amount of glucose 
greater than their own dry weight in 48 Imurs (Krontowski (3)), and that the 

• This IS reprint No 550 of the Cancer Commission of Harvard University 

^ 100 cc. of the modified Bakeds soladon contained 
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amount used decreases with the age of the tissue (Lebensohn (4)) The effect 
of glucose concentrations higher than those found m physiological media 
has received considerable attention Demuth (5) stated that growth in cul- 
tures increased with mcreasing glucose concentration Ebeling (6) observed 
mcreased growth in cultures of fibroblasts whose glucose was raised from 200 
to 1150 mg per cent, at higher levels glucose appeared to mhibit growth and 
to become tovic WiUmer (7), using saline mixture media, found the total 
amount of cell migration to be directly proportional to glucose concentration 
up to 1000 mg per cent, although the tissues were more active in concentrations 
of 200 mg per cent as long as enough glucose was present 

TABLE I 

Glucose Uldtzalton tn Relation to Intltal Coiiceiilralion 


Conceutration expressed as mg per cent m media 
Rate = mg glucose per 100 mg tissue per day 


Imtial concentration 

Rate on 1st day 

622 

2 6 

407 

2 7 

198 

2 0 

86 

1 4 

Concentration at 1 day 

Rate on 2nd day 

476 

1 8 

260 

1 1 

110 

1 3 

29 

0 5 

Concentration at 2 days 

Rate on 3rd and 4th days 

372 

0 3 

197 

0 5 

52 

0 5 

7 

0 2 

Concentration at 4 days 

Rate on 5th and 6th days 

337 

0 1 

147 

0 6 

6 

0 

0 

0 

Concentration on 6th day 

332 


82 


5 


0 



We have investigated quantitatively the following phases of glucose 
utilization — 

Rate — With media contauung 100 mg per cent glucose we have done 10 
experiments comprising 40 observations on 24 cultures Glucose was used 
imtially at rates from 0 5 to 2 0 mg per 100 mg wet tissue per day, the rate 
falling sharply as glucose disappeared 

With a range of higher imtial concentrations 7 experiments were done, com- 
prising 64 observations on 29 cultures Initial rates of glucose utilization were 
higher, more or less m proportion to concentration, up to 300-400 mg per cent 
Above this level, utilization was at first rapid, but was either greatly slowed 
or entirely stopped after a few days, while much glucose yet remained Fig- 
ures for one such experiment are shown m Table I The results are m close 
agreement with those of GemmiU, Gey, and Austrian (8) on Walker rat sar- 
coma 319 
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Total Glucose Used — From a range o! higher miUal glucose concentrations, 
total utilization before onset of degeneration similarly appeared to show on 
optimum at 300-400 mg per cent, as shown m Table II 
If exhaustion of glucose is prevented by frequent replacement of the r^lar 
medium, it conUnues to be used for a long tunc and m great amount, especially 
with daily changes, 2 cultures were followed with daily replacement of me- 
dium, 1 for 14 days This 1 used inaeasmg amounts of glucose each day up 
to 11 days, totallmg 22 mg of glucose consumed per 100 mg wet tissue, or an 
average of 1 6 mg per day When cultures were changed every 2 or 3 days so 
that the media were more nearly depleted, total utilization was less, as shown 
m Fig 1 


TABLE n 

Total Glucosi Uudfrom V<inous Intilai Conaxiraiiotu 


IniUil sbeoM 

1 GlacsM aud per 100 mx. th<re 

Eiptrlaiait 0 

£rpaiiKst9 

EnirrfancDt 7 

mt Hretoi 

*4 

»t 1 

mx 

5QO-dOO 

4 6 

4 0 

5 3 

JSCHWO 

5 I 

8 2 

5 9 

175-200 1 

4 2 

4 0 

4 4 

Bxiratioa of experi ' 




ment, days 

4 

5 

6 


Ttgvuts dx slsicoM 'nbkli 100 t&s 'Ojcd tX Vbt cad of tach 

experiment. 


Exhaustion of glucose may also be prevented by daily addibons of con 
centrated solution without other change m medium, thus Tn.nntainipg the 
total concentration near 100 mg per cent, 9 such cultures had used more 
glucose at 4 and 6 days than those whose medium was replaced 

Effect of ColcMcme and Phlorindzsn — ^Isolated observations indicate little 
or no effect of these substances 1 senes of cultures with phlorhidzm and 2 
with colchicine were followed 

Colchicmc, m concentrations of I 10* and 1 10’ did not appreciably alter 
glucose utihiation, although all cells entering nutosis were stopped permanently 
m metaphase 

Phlorhidzm, m concentrations of 33, 100, and 300 mg per cent appeared not 
to prevent the utilization of most of the ^ucose present, or to ^ itself de- 
stroyed ’ Phlorhidzm increased the number of mitoses seen in stained cul 

* At each concentration of phlorhidxin the level of reducing subUanccs reached a 
base line corresponding to the amount of phlorhidxm used, and ghicosazoncs could 
not be obtained in these depleted solutions. 
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tures The appearance of the mitoses suggests that it acts through prolongm-r 

the mitotic process rather than by stimulatmg growth Mitotic counts are 
seen m Table III 

Ahseywe of Glucose —In explanted tissue not supphed with glucose, degenera- 
tive processes are greatly mcreased Nevertheless some tissue remains alive 
for 2 or 3 days 12 such cultures were followed At 2 days, they showed a 



Fig 1 Cumulative curves showing total glucose used by 1 culture changed daily, 
and 2 other cultures changed at longer intervals 


slight but definite migration of cells, without mitoses Most of the tissue, how- 
ever, degenerated before it began to migrate, and at 4 or 5 days degeneration 
was complete Hence metabohc findings, to be discussed later, are of value 
only if mterpreted with caution 

Nitrogen Metabolism 

Amino Nitrogen Production — ^True growth, mvolvmg formation of new 
tissue, must be accompamed by mcorporation of protem derived from nitrog- 
enous substances m the medium Carrel and Baler (9) have shown that 
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prolifcratioD of fibroblasts is rapid wbta higher cleavage products of protein, 
are supplied, as by Witters peptone. If cells do not take up exclusively whole 
peptone molecules but first hydrolyze some of them to smaller units by means 
of proteolytic emymea, an increase of the ammo mtrogen of the medium dunng 
growth should be aecm 

We have followed ammo mtrogen production m Baker's solution, 31 ob- 
servations were made on 26 cultures. The original ammo mtrogen concentra- 


TABLE m 

iittoUc CetaUi cn Various Types of CuUurt 



Experimeiu 

Per cent mUoM* 

llaiSiQB 

Dayi 



1 1 

2 

j 

4 

5 

BiWa 

100 mg. per cent glucoao 

10 

1 3 

1 7 1 

1 

0 9 


0 

Baheds 

SOO mg per cent glucose 

m 

1 6 

16 

1 

1 4 1 

! 

0 

Baker’s 

No jocose 

m 

0 



0 

0 

Baker’s 

No jocose* 

Added lactate 

15 

1 

i 

3 0 1 

1 

1 

! 

0 ! 

1 

1 

0 

Baker’s 

No glucose* 

Added pyruvate | 

22 

0 7 

0 15 




Bakeda 

Added phkiridrin 

1 0 mg. 

0 3 mg 

20 1 


! ^ 3 

1 8 2 




Armno otdd medhua 

14 ' 

1 a 

1 

1 


1 


* These cultures thowed widespread degenexmtiai], Mltoee* were counted in the rela 
tively lu^ areas of healthy cells. 


tmn was about 14 mg pet cent wMch is one-seventh of the total mtrogen This 
value rose after contact with tissue grown imdcr our standard conditions. 
Hydrolysis was rapid at first, but decreased markedly m rate after a day or 
two when the same medium was left on the culture A mnjimnm use of 24 
to 31 mg per cent m 6 days was observed under these conditions. Dady 
change of medium for 3 days appeared to increase the daily production of 
ammo mtrogen. 

Total Ntirogen — Utilization of total mtrogen from the medium during growth 
IS difficult to demonstrate in these experiments due to the high protein content 
of the small amoimt of plasma used, and to partial autolysis of eiplants De- 
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terminations on cultures grown in mtrogen-free Tyrode solution showed that 
up to 15 mg per cent protem mtrogen may thus be added Total mtrogen 
values m Baker’s solution usually remamed quite constant or showed a rise 
It therefore seemed advisable to look for utilization of ammo nitrogen from a 
medium whose nitrogen was mainly m this form 
An ammo acid solution was prepared by hydrolyzing Witte’s peptone with 
sulfuric acid This was then used to replace the peptone m a culture medium 
containmg all other ingredients plus 10 mg per cent tryptophane The final 
ammo nitrogen content was 65 mg per cent or about 400 mg per cent ammo 
acids, which is roughly 4 miUimols per 100 cc 
With this medium we obtained excellent growth over 6-8 day periods, with 
mitotic rates comparable to or eaceedmg those m the peptone medium (see 
Table III) Certam differences m behavior from that m Baker’s solution 
were, however, observed In cultures of embryo muscle a number of giant 
multmuclear cells were seen usmg this medium, but never m regular Baker’s 
solution These cells bear some resemblance to those seen m regenerating adult 
muscle The two types of growth are contrasted m Fig 2 Our ammo acid 
solution was identical with Baker’s solution m every possible respect except 
that the peptone had been hydrolyzed These effects, therefore, are probably 
due to specific actions of ammo acids, singly or as a group 
We ran 5 experiments using this medium, comprismg 60 observations on 29 
cultures In 2 experiments ammo mtrogen remamed constant for 5-7 days 
In 1 case this was associated with tissue degeneration but in the other experi- 
ment the tissue appeared m good condition In the remaimng experiments 
ammo nitrogen fell, the tissues grew well, and used glucose at about the same 
rate as m Baker’s solution Although the variation m results has not been 
satisfactorily explained, it may be concluded that mtrogen can be progres- 
sively used from an ammo acid medium An mitial rate of about 0 1 mg 
ammo mtrogen used per 100 mg tissue per day dropped to about one-third that 
value after 2 days This lessened uptake bears some relation to exhaustion of 
glucose, for when the glucose level was mamtamed near 100 mg per cent, 
ammo mtrogen utilization contmued at a somewhat higher rate Typical 
results are graphically shown m Fig 3 

In cultures depleted of glucose the amount of urea plus ammonia mtrogen 
found accounted for a large proportion of the ammo mtrogen lost, whereas a 
neghgible amount of urea plus ammoma appeared when glucose was added 
This would seem to mdicate that ammo acids are deaminated and burned m 
the absence of glucose, while m the presence of glucose they are stored Total 
mtrogen values were somewhat low er m the culture media to which glucose had 
been added, indicating nitrogen utilization 

Lactic Acid Production 

Previous workers have found extensive lactic acid production by chick fibro- 
blasts It has been noted that a decreased growth rate resulted m an mcreased 
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1 10 2a Fig 2b 

ti(i 2 I’holomlcrogrophs of cmbno muscle cultures, (d) Growm in |>cptonc medium (Baker’s) (6) Groum in medium similar 
tu Baktr’s except that the pciUone bad been hjdrolj'rcd to amino acids Stained with heinatax>lm X 80 



696 


irETABOLISM OF TISSUE CULTURES I 


ratio of lactic acid to size of cultures (Demuth and Meier (10), Meier (11)) 
About 60 per cent of the glucose used m 48 hours has been accounted for as 
lactic acid, and glycolysis has been considered characteristic of the chemo- 
dynamics of tissue cultures (Krontowski (3)) Pomerat and Willmer (12) offer 
much indirect evidence that non-phosphorjdating glycolysis is essentially linked 
with growth in cultures of embryo tissues However, measurements on cul- 
tures transferred to ^Yarburg vessels (Lipmann (13, 14)) appear to show that 
glycolysis is not the characteristic energy source of growth 



Fig 3 Amino nitrogen utilization from the amino acid medium Each curve 
represents a single culture sampled for analysis at the times shown by points Re- 
sulting changes in volume have been taken into account Solid lines represent cul- 
tures to which glucose was added at 2 , 4, and 6 days Dotted lines represent cultures 
to which no glucose w'as added 

Our studies suggest a relation between glycolysis and glucose utilization 
They maj be divided into sl\ groups 

A 'When 100 mg per cent initial glucose is used up by the tissue 8 experi- 
ments were done, with 32 determinations on 23 cultures Lactic acid in- 
variabh appeared while glucose was falling rapidly, rising during the first 48 
hours to xalues between 25 and 45 mg per cent After glucose had disap- 
peared, decreased amounts of lactic acid w'ere found m 3 of these experiments 
B W hen initial glucose is 500-600 mg per cent and is not all used up by 
the tissue 5 experiments were done, comprising 17 determinations on 17 cul- 
tures Lactic acid appeared more rapidl)’- than at lower glucose concentration 
and continued rising to 100 mg per cent or over m 4 to 6 days 

C Mith daih change of medium in I culture given fresh medium and 



H. -WnSOK, E B JACKSON, AND A. ST BBUES 


697 


analyzed daily, from 25 to 42 mg per cent lachc acid was formed each day for 
13 iiys Production reached a peak at 10 and 11 days, after which smaller 
amounts were formed For the first 11 days 60 to 70 per cent of the removed 

TABLE IV 


LoctiC Aad Fnduclien undtr Various ConduUms 



modificatloiis as shcmu 

FIguies represent total glocoie used and total lacUtc appearing fir an unchanged medium 
except In group C (daily change), where the figures represent dolly glucose consumption 
and lactate formation. 

glucose usually appeared as lactic acid- On the 14th day and last day, the 
proportion had risen to 96 per cent, at this time the cells were hcaltlty but 
there was extensive liquefaction of the plasma. 

D In the absence of glucose 1 experiment was done, with 3 detennma- 
tions on 3 cultures. Lactic add was formed, but reached only 15 mg per cent. 
It 13 likely that this nse is associated with tissue degeneration, 

E, At “constant^' glucose Icvd 2 experiments were done, with 5 
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It 15 to be expected that an unchanged medium loses effiaency by loss of es- 
sential consbtuenta and by accumulation of end products The mcreascd 
life of cultures bolstered by additions of i^ucose to an otherwise unchanged 
medium indicates that glucose loss may be a limitmg factor m this regard 
Daily changes of the whole medium mcrease the life span of cultures still 
farther 

The amoimt of glucose used appears from our observations to have no direct 
relation to growth Cultures treated with colchicine m concentrations which 
block all mitoses continue to use glucose at the usual rate. Moreover cultures 
grown m 500 mg per cent glucose use more than those grown simultaneously 
m 100 mg per cent, but examination of the fixed tissues at various periods shows 
about the same area of imgration and closdy jUTnilar mitotic counts m both 
groups. This observation appears to be m contrast to those of some previous 
workers whom we have quoted, the diflSculties mvolved m estimating true 
growth m cultures must be emphasized Probably the energy requirements 
for life and growth are easily supphcd, and higher amounts of glucose do not 
mcrease growth rate because it is already hmited by factors such as penne- 
abfljty, rate of mtracdlular ^thetic reactions, or availabihty of essential 
foodstuffs. The enzyme ^sterns for disposal of glucose appear to be stimu- 
lated to greater activity, possibly by a simple mass law effect Conversmn to 
glycogen, either m muscle or liver, has not been demonstrated by staining meth 
ods in oar cultures Presumably more energy is evolved and somehow 
absorbed when the rate of glucose removal is increased. 

Glycolysis appears to be associated with the period of growth, for lactic 
aad production was rdated in rate and amount to glucose utilization Lactate 
13 also produced dunag the penod of regressive change While the amount 
evolved is less than in a healthy culture, it tends to represent a greater propor 
tion of the total metabolism- The small amount of lactate formed m cultures 
not supplied with glucose increased with time and with the onset of 
degeneration 

Our experiments afford some evidence that tissues can utilize lactate after 
their glucose is used up At this pomt lactate values frequently showed a 
tendency to fall from levels reached earlier m the hfe of the culture. When 
dl lactate was added to cultures without ^ucose no loss was observed, but 
microscopic observations showed more migration and less vacuolation with thstn 
without lactate. Moreover many mitoses were seen after 2 days when amtrol 
cultures showed no dividing cells (see Table HI) indicating that m cultures 
deprived of glucose lactate favors cdl division although it is little used De- 
generation was delayed for about 2 days by added lactate. Pomerat and 
WiUmer (12) report similar findings m cultures of osteoblasts without ^ucose 
to which lactate was added 

Lactate found in cultures without glucose may originate from glucose formed 
from certain ammo aads. In support of this hypothesis is the fact that m an 
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ammo aad medium without glucose tissues produced over ten tunes as much 
urea plus ammonia mtrogen as those kept supphed with glucose Deammation 
of certam ammo aads prior to their conversion to glucose would explam this 
difference 

Although utilization of mtrogen must obviously occur during growth, the 
quantitative demonstration of this process when ammo mtrogen is practically 
the only available form of mtrogen is of special mterest There has been con- 
siderable question as to whether cells m culture could make use of mtrogen 
supphed as ammo aads, although Vogelaar and Erhchman (16, 17) believe 
this may be possible under optimal conditions 

The definite morphological stigmata of cells grown m our ammo acid medium 
mdicate that the medium affects certam processes differently from a peptone 
medium Vogelaar and Erhchman beheve that ammo acids may be prefer- 
entially adsorbed on the ceU surface to such an extent as to mterfere with 
normal processes In this case morphological changes may result from specific 
effects of the ammo aads upon the cell surface It must be considered, how- 
ever, that these variations may be explamed by an altered metabolism withm 
the cell m the case of a peptone medium mtrogen may be taken up m the 
form of peptides and utihzed as such, while ammo acids taken up durectly might 
follow a different course Although our ex-periments have not yielded proof 
of the utihzation of mtrogen m peptide form, morphological observation sug- 
gest this possibihty 


EXPERIMENTAL 

Planting Technique — Tissue to be explanted was removed from the embryo under 
the usual sterile conditions and placed m small, weighed, sterile Petn dishes It was 
then cut up and weighed to the nearest 0 1 mg as rapidly as possible Tyrode solu- 
tion was then added and the tissue transferred to the mside surface of a roller bottle 
previously coated with a thm film of plasma, which formed a holding clot when m 
contact with the tissue Care was taken to mtroduce all the weighed tissue mto the 
bottle, and to remove the entire excess of plasma and Tyrode solution used m the 
transfer before addmg the culture medium Thus a known wet weight of tissue was 
explanted 

General Procedure — Bottles were placed m the roller apparatus m an mcubator at 
37°C , removed serially at mtervals up to 7 or more days, and the entue fluid decanted 
for analysis Thus a progressive picture of events was obtamed For some deter- 
mmations it was possible to sample one bottle at mtervals without greatly changmg 
the volume Results obtamed m this way showed great reproducibihty, espeaally 
m the case of glucose utilization 

All cultures were exammed microscopically every day This necessitated no inter- 
ference with their envuonment except when media u ere sampled or changed Areas 
of fibroblastic and epithelial migration were quahtatively noted, as well as the extent 
of changes such as roundmg of cells, vacuolation, hquefaction, or focal or generalized 
degeneraUon The migration rate of cells was estunated when desired by measure- 
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mentB on camera hodi. dzawingi of explants. At the end of each expenment the 
cultures were fixed, the coverahp wu removed by unmerslon m acetone, and the tissue 
was fltomed with Hams’ hematoxyUn and moonted. Microscopic examination was 
then and m certain raa« gntosea were counted m groups of 1000 peripheral 
cells. Typical mitotic counts are given In Table IIL 

Ordinarily, tissue cnltorea under standard conditions grew normally for at least 3 
days with mitoses decreasing on the 3id day After 5 days mitoses were usually 
absent m unchanged media, and rounding or vacuolation had begun, but httle frank 
degeneration occurred until later Donng the penod of most active growth the dail> 
radial increase was 0.5 to 0.8 tunes the radius of the explant, and about 1.5 per cent 
of the cells were m mitosis. 

Anaiytiojl Melhods — ^All determinations of changes in composition of media must 
of course be controUed by paraJIei determinations on onginal media. Thia Is eq>e> 
dally true smce observed values for some metabolites m Baker’s solution differ from 
those in soluticm in water A substantial non-glucose-redudng value is found which 
is not by tissues In the absence of glucose, and for which corrections most 

be applied. Interfering substances also give values for lactate, and affect lactate 
detenninations so that special modifications are necessary The metabolites listed 
below were determined by the following metlmds. 

Gluwi — Folin’i micro method usmg potassnim fcmcyanJde reduction, as adapted 
for the Evelyn photoelectric colorimeter 

Tatai — Kjeldahl digestion and distillation followed by titration with 

0 02 N alkali. 

Ammo Ntifogen — ^The Van Syke ^sometnc procedure, using the manometnc 
gas aj^iaratua. 

Amnonta Plus Urea NUrogon — ^Thc manometnc sodium bypobromlte method of 
Van Slyke (18) 

Lactm Add — ^Thegasometnc procedure of Avery and Hastings (19) using theVan 
Slyke manometnc apparatus, was fint tmphyed. For reasons of greater speafidty 
and convenience our later determinations have been done by Edwards' modification 
of the aeration method of Friedemsun C^tonjo and Shaffer (20, 21) We further, 
altered the procedure partly according to the suggestions of Fnedemonn and Eendall 
(22) for peptone medfn, using 0 00 u phosphoric aad and 0 025 n potassium per 
manganate. Each of these methods was carefally developed as to time of reaction, 
etc., to give nearly quantitative recovery of htbium lactate added to Baker’s solution, 
aad substantial agreement was obtained when both methods were applied to the same 
solution. Even so our results ore indicative of changes m lactate rather thnn true 
values, and are probably accurate to not more thAn ± 10 per cent- 

Pynmla, — ^The bisulfite-bmding method of Clift and Cook (23) 

PnpanUton of Ammo Aad S<duium — VHtte s peptone was hydiolyxed with 20 
per cent sulfunc aad imtil ammo nitrogen had risen to an almost constant level of 78 
per cent of the total mtrogem Barium hydroxide wai added to pH 7, and the pre- 
cipitate of barium sulfate filtered off and washed The filtrate was carefoUy 
ad)uited with sulfuric acid and banom hydroxide to the lowest obtamable content of 
both banum and sulfate lOQi. The final filtrate was concentrated as far as possible 
without causing precipitation of insoluble ammo aoda. 
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SUMMARY 

1 The metabohsm of chick embryo tissues has been followed by analysis of 
the culture media after various periods of mcubation m roller bottles 

2 The mitial rate of glucose utilization is mcreased by mcreasmg glucose m 
the medium from 100 to 500 mg per cent Total glucose used can be increased 
m the same way or by daily addition of small amounts Glucose is used m 
greatest amount when the medium contaimng 100 mg per cent is replaced 
daily 

3 Although glucose consumption appears necessary for survival of cultures 
it may be used at a rate far m excess of that required for life and maximal 
growth Complete blockmg of mitosis by colchicme does not alter the rate of 
glucose utilization 

4 Proteolytic activity of the cultures is shown by an mcrease m the ammo 
mtrogen of the peptone medium after mcubation with tissue 

5 Utilization of mtrogen from an ammo aad medium is shown by a decrease 
m the ammo mtrogen of this medium Cells obtainmg their mtrogen from 
ammo aads proliferate as rapidly as those grown m a medium identical except 
for the substitution of peptone, but the cell type is markedly different, m that 
embryo muscle forms cells resembUng regenerating adult muscle 

6 Lactic acid was formed m both the presence and absence of glucose Its 
formation mcreased with mcreased glucose utilization There is some evidence 
that lactate may be utdized, and that it favors growth m the absence of glucose 

7 Added pyruvate was rapidly metabohzed by the tissues It, too, favors 
growth shghtly m the absence of glucose 
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THE INFLUENCE OF DETERGENTS ON SOME PHYSIOLOGICAL 
PHENOMENA, ESPECIALLY ON THE PROPERTIES OF THE 
STELLATE CELLS OF THE FROG LIVER* 
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{From the Departmait of Fhysioicgy, School of Medicine, Untoemly of Pamsylmnlc, 
Phtlad^pMa) 

CReceived for pubHcatloD, March 1, 1942} 

hUroducUfry Remarks about Some Physicochemical Froperites of Determents 
The detergents are a speaal group of nonpolar polar surface-active organic 
electrolytes. They reduce the interfaaal tension not only between water and 
air, but also between water and certain organic liquids. Their molecules are 
composed of two portions, one polar hydrophilic, which has a tendency to anchor 
the molecule to water, and one nonpolar hydrophobic organophilic, which is 
attracted towards the non aqueous phase. The result is a molecular orientation 
at the interface due to the opposing forces. These can be, more or less, m balance 
according to the strength of the alternative affimbes In general^ an mcrease of 
hydrophilic affinity m the mterfaaai array of the nonpolar polar molectiles will 
lead to a stronger puU on the nonaqueous phase toward the water and may have a 
dismtegrating or a dispersing effect. Stronger organophihe properties on the 
other hand will favor a wettmg action, vis , the fixation of a film of water on the 
nonaqueous phase or on its separate components Regardmg espeoally the 
mterface between a cell and its surroundings or the mtraccUular mterfoces, 
hydration, swelling, and dissolution can be due to the wetting action on the 
colloidal structures or the micellae (KaU, 1933-^, von Kuthy, 1931, Haber 
and Moore, 1939) Protem molecules are unfolded or disrupted by the puU and 
thus denatured (Anson 1939, Miniky, 1938) In conjugated proteins the bonds 
between the protein part and the prosthetic group are severed (Anson, 1939, 
Kuhn, 1940), viruses and euiymes ore inactivated, and the final result of such 
effects on cells is cytolysis. 

However cytolysis is broug^it about also by other chcmiail means. Inorganic 
bus. Including H and OH, produce cytolyib chiefly by their Influence on proteins 
either by changing their iomeatlon and coniequently their attraction of water dipoles 

• It la a pleasure to acknowledge the support of this work by the Elta Pbts 
Foundation the American Philoflophical Society, and the Faculty Research Com 
mittee University of Pennsylvania. A preliminary report has been published b 
Proc Soc. Exp Bioi and Med, 1941, 47, 39 
The detergent compounds used were kindly supphed by E I du Pont L Company 
by the American Cyanamid Company and by Riedel-de Haen, Inc. 
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or by cbangmg their solubihty and forming preapitates A third group of sub- 
stances significant for their cytolytic power are the anesthetics Though belonging 
to most divergent classes of chemicals, they are umted mto one group by their com- 
mon physicochemical property of bemg soluble in “hpoids ” Some of them are de- 
void of polar groups, (e g hydrocarbons, halogenated hydrocarbons, ethylchlonde, 
ether), they fail to reduce the mterfacial tension between water and an organic 
hquid (ohve oil, benzene) (Lazarew, Lawrow, and Matwejew, 1930, Meyer and 
Hemmi, 1935) Their cytolytic power, which, m general, appears only m higher 
concentrations, probably can be accounted for mainly by their affinity for the cell 
hpoids Other anesthetics have a moderate nonpolar-polar molecular structure, 
(e g alcohols, ketones, aimdes), and, due to this property, they lower the mterfacial 
tension In this respect they resemble the detergents However, the detergents 
are strong or faurly strong electrolytes, the anesthetics are nonelectrolytes This 
important difference may be explanatory of the characteristic effects of the detergents, 
m which not only the opposmg van der Waals forces, the hydrophihc and the hydro- 
phobic affimties are mvolved, but also electrostatic forces In other words, anes- 
thetic power can be exhibited by nonpolar or by moderately nonpolar-polar nonelec- 
trolytes, detergent power by nonpolar-polar electrolytes 

So far there has not been much study concemmg the physiological effects of 
detergents, except the bile salts, which also are nonpolar-polar electrolytes 
This paper will deal chiefly with bile salts, with higher sulfated alcohols, and 
with alkyl esters of sulfosuccmic aad 

Correlation between the Surface Activity and the Cytolytic Power of Detergents 

The surface activity of the detergents was measured by the drop count 
method, the lowest concentration bemg deternimed, which gave a value dif- 
ferent from water The cytolytic power toward red blood corpuscles was 
determmed by mixmg 0 1 ml of beef blood and 10 ml 0 9 per cent NaCl solu- 
tion conta inin g the detergent m concentrations decreasmg stepwise to zero 
Durmg and after sedimentation of the red cells at room temperature it was 
observed, at what concentration after several hours the supernatant fluid just 
appeared colored by hemoglobm or remamed colorless In order to measure 
the cytolytic power of the detergents towards muscles, it was found adequate 
to ascertam the minimal concentration, which produces an injury potential, 
when one end of a sartorius muscle is m contact with Rmger, the other with 
Rmger plus detergent Whereas hemolysis such as evidenced by the escape 
of hemoglobm is irreversible, the myolytic method allows one to study in how 
far the potential changes by their reversibihty may be mdicative of alterations 
of the muscle fibers comparable to those changes, which, m a previous study, 
have been considered analogous to normal physiological events associated with 
muscle and nerve activity (Hober et al , 1939) 

In this uay approximate threshold values for a number of detergents were 
obtamed In Table I they are listed as molar concentrations 
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It 13 obvious from the table that the threshold values for the surface activities 
and the cytolytic activities, on the whole, run parallel to each other, as could 
be expected* But what was unexpected is that the numencal values for these 
activities are m as good agreement as they really are shown to be by our 
expenmoits, although the threshold change in the molecular arrangement at 
the mterfaces air water, muscle-water, and red cell water is measured, respec- 
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tivdy, by the change of the mterfaoal tension, the change of the permeability 
of a plasma membrane to ions, and the change of the permeabilify to hemo- 
globin. Furthermore, in the table is shown the significant fact that the 
devebpment of the mjury potentials is a rcvmrsible process, wj:., that upon 
substituting plain Ringer for the detergent solution, the mjuiy effect disappears 
However, the recovery takes a longer time or it requires nnsing the muscle 
more than once, when the alkyl sulfonates have been appUed ir>at<^d of the 
alkyl sulfosucoimtcs or the bile salts. This recovery can be considered — 
generally speaking — as a rearrangement of the molecules m the mtcrfacial 
layer, when, caused by a stronger or a weaker attachment of the nonpolar 
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C-atom chains, the membranes are subjected to dispersmg or to hydratmg 
forces of vanable magmtude This will be discussed m more detail m a follow- 
mg paper ^ 

Effects of Various Concentrations of Detergents upon the Microscopic Appearance 

of Stellate Cells 

The Froblem — In this paragraph a more detailed study of the influence of 
some detergents upon one particular system of active ceUs, the Kupffer cells 
or stellate cells of the hver, will be described The startmg pomt is the fol- 
lowmg group of observations The isolated frog hver, when perfused with 
Rmger solution with the addition of a very small amount of dye, has been 
found to excrete in the bile a great number of various dyestuffs, several hundred 
or even more than a thousand times concentrated these appear for hours in a 
cannula fixed m the gallbladder (Hober and Titajew, 1928, Hober, 1939) 
In contrast to this process, under the same experimental conditions the hver 
loses its well known capacity to store m its stellate cells fine suspensions and 
colloidal material, but regains it after the addition to the perfusion fluid of a 
small amount of serum (Hober, 1940) There are several mterpretations, as 
will be discussed later This study was chiefly suggested by the work of Clark 
(1913) on the “hypodynamic state” of the frog heart, which loses its activity 
after bemg perfused for a few hours with Rmger solution, and which can be 
reactivated by the addition of small amounts of serum In a thorough m- 
vestigation this beneficial action of serum was shown by Clark to be due not to 
its protems, but to its small content of lipoids, to lecithm, and to soaps of the 
higher fatty acids (Cio to Cis), briefly, as we may say now, to substances be- 
longmg to the class of nonpolar-polar orgamc electrolytes The reviving effect 
then may be thought of as being based on a shghtly dispersmg influence upon 
the cellular mterfacial structures, which, when ehcited with stronger and 
stronger concentrations, ultimately passes over from a beneficial effect into a 
dismtegratmg cytolysis Correspondmgly, the mactivation of the stellate 
cells by Rmger perfusion and the reactivation by serum may be looked upon as 
a hj'podynarmc state and its reversal This hypothesis has been tested 
experimentally 

Method — ^The perfusion cannula nas fixed in the abdominal vem at the inside of 
the body iiall, after the vessels gomg to and coming from the hver had been blocked 

^ To what extent the effects of the detergent agents must be referred to the surface 
membranes of the cells or to the mtracellular phase boundaries, is unknown Many 
detergents, eg the alL>l sulfosuccinates, though bemg strong electrolytes in dilute 
solution, are highl> soluble m organic hquids Aerosol OT, for instance, is soluble 
m man> polar and nonpolar sohents Therefore, supposedly, their relative hpoid 
solubiht} ako is high (see Amencan C>anamid Company, 1941) 
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by a mpiw ligature around cardia, porta hqiatis, radix mcscnteni, and rectum. The 
perfusion fluids COi-HCOrbuffered Ringer solution (pH 73), entered under a pres- 
sure of 8 to 10 cm-, the outlet was provided by cutting the smus of the heart The 
rate of perfusion was controlled throughout the experiment and was kept fairly con- 
stant by a screw damp 

More than 350 experiments on JL pipiens (mostly females) were perfozmed, mainly 
according to the foUowmg scheme (1) For 30 minutes Ringer perfusion At the end 
of this period the liver appeared to be more or less blood free. (2) For 10 minutes 
Ringer with (or without) 2 per cent beef serum. (3) For 45 mmutes the same plus 
0 02 per cent trypan blue Grttbler (Akatoa) or soluble blue R (du Pont) and, even 
tualiy plus a test substance. (4) The three lobes of the hver, usually cut mto small 
pieces placed m formalm and after 48 hours sectioned with the freeziog micro tom. 

In general, two to four frogs of the same batch, of rather the same weight and hving 
ntidgr the conditions, were compared. In order to exclude the effect of differ 
ences m the activating power of the serum, the same serum was always appbed to all 
the frogs of a given group 

During the third period the liver turns bhie, but often m the different bbes to a 
different color intensity In general, slices of the corresponding lobes were compared 
m the microscopic investigation. 

In the majority of o^ienments, the dassicnl dyestuff for mtravital staining of the 
stellate edit, trypan blue, was used, only after recent failnre, for unknown reasons, 
to reproduce the customary staioing effect with nrw samples of the dye, we sub- 
stituted successfully the trypan blue by the likewise colloidal soluble blue R. 

USStJLTS 

A Ths MicroscopK Future tn Gsn^ai 

The picture of a normal frog liver displaying an active system of stellate cells, 
as gamed by this method, is bneffy and on an average as follows The slices 
show the striking pattern of a dark blue network envenng more or less uni 
formly the entire area of the ahee, the meshes being filled mainly by the hepatic 
ceDfl, and to a smaller extent by the empty lumina of the blood capillaries. 
The net seems more or leas distmctly attached to the capillary walls and it 
looks as though composed of the homogeneously stained and irregularly shaped 
stdlate cells, which partly project mto the capillary lumina, whereas the islets 
of the genume hepatic cdla, which fill the meshes, appear colorless. Often 
along the capillary walls, where they are not occupied by the stellate cells, 
fine dark blue border lines are visible, possibly the flattened endothelium cells. 

But, as mentioned before, a picture like this fails to appear after perfusion 
with plain Ringer solution. On the other hand, due to several causes, even 
after a succeeding perfusion with Ringer plus serum the liver exhibits the 
network pattern m very non unifonn mtenaity of color Most evident is the 
seasonal influence Unlike the capaaty of the liver to transport dyestuffs 
from a low concentration level in the perfusion fluid to a higji level m the bilo 
ducts, which, m general, can be demonstrated throughout the year, the tystem 
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of Stellate cells is more or less at rest durmg the wmter months But besides 
this regular penodiaty, there occur irregularly gross or fine variations m the 
staming mtensity These, obviously, are mdicative of differences m the ac- 
tivatmg potency of the sera, probably due to changes m the percentage of the 
nonpolar-polar substances mentioned before It was for this reason, that the 
use of the same serum m a group experiment was necessitated and that control 
experiments were designed to show that a positive effect was due to the presence 
of a certam active drug and not to the serum Thus, the microscopic sections 
sometimes did not show more than a gossamer network and small pale cells 
Stronger effects were mdicated by more color and by larger cell bodies, which 
often had an irregular shape and sometimes long processes After a detergent 
had been perfused, the enlargement of the cells could approach pathological 
magmtude and even end m cytolysis as manifested by protoplasrmc desqua- 
mated masses extendmg mto the wider capillaries This termmal state was 
often marked out as pathologic by the appearance of nuclear stammg m the 
hepatic cells 

B Alterations of tlie Microscopic Picture caused by Detergents 

1 Sodium Salts of Conjugated Bile Acids {Glycocliolate and Taurocholate) — 
The bile salts are known to be the most powerful choleretics In our experi- 
ments they have been found also the most reliable among the detergents tested 
for producmg an mcreased uptake by the stellate cells of the aforementioned 
colloidal dyestuffs The bile salts were apphed both as chermcally pure prep- 
arations (Riedel-de Haen) and as commercial drugs (Ehhlbaum, Merck) 
The optimal concentration was found tobe03to06X 10“* molar Among 
twenty-one double experiments, comparmg the effect of Rmger-senim and of 
Rmger-serum plus bile salt, withm this concentration range, eighteen resulted 
m an mcrease of the stammg effect That is to say, the network was more 
distmct and was spread more generally over the area of the shces than m the 
controls Subsequent to an mcrease of concentration up to 3 and 7 5 X 10“* 
molar there appeared a coarse network filhng rather to completeness the 
capillary spaces, often the smgle stellate cells appeared to be swollen At about 
30 X 10“* much nuclear stammg was observed, which extended more or less 
mto the center of the islets of hepatic cells, debris of the stellate cells reached 
the larger vessels Of great significance is the observation that m the absence 
of serum the bile salt appeared to be unable to promote the uptake of the dye 

2 Dehydrocholate {Decholtn Sodium) — ^This substance is superior to the 
conjugated bde salts as a choleretic so far as the bile volume is concerned, but 
it differs from them m that it decreases the content of the mam characteris- 
tic bde components, it is therefore classified as a hydrocholeretic agent Its 
effect is associated with a marked mcrease of blood flow m the hepatic artery 
(Grodms, Osborne, Ivy, and Goldman, 1941) We have studied the influence 
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upon the stellate cells, but up to a concentration of 10"* molar no effect was 
detectable. This can be correlated with the fact that decliohn is neither 
surface-active nor has it a hemolytic or a myolytic power (Table I) The lack 
of a nonpolar polar character probably can be accredited to the presence in the 
molecular nng system of three keto groups. 

3 Alkyl Sodxum SvlfaUs — ^Two members from this senes of detergents 
have been studied, the dodecyl and the dccyl compound. The concentrations 
producing a small, but definite effect have been found to be around 1 X 10^ 
and 1 to 5 X molar respectively At a concentration of 10 X 10^ 
nuclear staining place m many hepatic cells. In two experiments thig 
effect diminished from the penphery of the cell islets to the center 

4 Diodyl and Dthexyl Sodtum Stdfosxtccxnatc {Aerosol OT and MA) — ^The 
threshold of the augmentation of the dyestuff uptake was found with OT near 
0 11 X 10^ molar, with MA near U X 10^ With OT and with MA at about 
10 tunes higher concentration much nuclear staining appeared With 15 X 
10"* MA the stellate cells showed disintegration 

5 In previous experiments concerning the capaaty of the Rmger-perfused 
liver to discharge dyestuff in an amaaingly high concentration (page 708), it 
was observed that this power can be reversibly depressed or extinguished by 
substituting for H ^ Ringer solutioa an equal part of an isotomc solution 
of certam nonelectrolytes (disacchandes, hexoses, pentoses, polyhydne alco- 
hols, ammo aads) and certain organic dectrolytes, particularly the salts of 
mono- and dicarboi^hc aads (malonate, succinate, glutarate, malate, fumarato, 
^uconate, lactate) (Hdber and Moor^ 1939, Valdecasas, 1931, HCber, 1932) 
We have tned to determine whether the same inhibitory effect can be demon 
atrated with the stellate cells. For this purpose we have chosen two substances 
which were found to be regularly and vigorously effective m the dye secretion, 
namdy, sucrose and sucanate. In eight cxpeniuents pairs of livers were 
perfused with Rmger plus serum plus OJ X 10"* molar taurocholate and to one 
of each of these pairs sucrose was added. In seven of these eaqpenments there 
appeared a clear cut diminution of the staining effect, w , the blue network 
was distmctly finer, compared to the control hver In two experiments with 
0 n X 10~^ molar Aerosol OT the same result was obtained. On the other 
hand, we faded to get an unambiguous response with succinate, three expen 
ments were positive, four negative, 

DISCUSSION 

The eqienmenta described have provided evidence that m the incorporatioa 
of colloidal dyestuffs by the stellate cells a prominent factor is the presence of 
scrum and that this activation is mcreased by the addition of nonpolar polar 
organic electrolytes, like detergents mduding bile salts. Increase of activation 
13 equivalent to a greater staining effect indicated not only by the depth of 
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color, but also by the enlargement of the cells A considerable enlargement, 
as brought about by higher concentrations of detergents, is doubtless a patho- 
logical appearance, which finally ends m cytolysis But, is there reason to 
assume that threshold staimng effects can be correlated with a physiological 
functional activation of the stellate cells, — although apparently the micro- 
scopic method is rather inadequate m provmg that a certam microscopic 
picture IS the effect of a certam composition of the perfusion flmd? Let 
us recall that threshold changes were judged only by comparmg shces of 
pau-s of hvers, one affected by a certam change m the composition of the perfu- 
sion flmd, the other the control, or one influenced by a lower, the other by a 
higher concentration of a drug After havmg averaged m this way the thresh- 
old cha n ges, how can we answer the question as to whether such changes can be 
regarded as signifymg a greater functional activity or the begiimmg of death? 
Certainly, we can recall the fact, that it is a common characteristic of hving 
thmgs that substances, which are stimulants m small doses, are deleterious in 
higher ones In previous studies concemmg the influence of nonpolar-polar 
substances upon the dyestuff secretion of the hver (Hober and Moore, 1939, 
Hober, 1940) we have observed that a certam minimum concentration of a 
detergent, which has been found prevaihngly to mcrease the dyestuff transport, 
may also display the opposite influence Such findmg emphasizes the fact, 
that it can be essentially difficult to classify a phenomenon as still physiologic 
or as already pathologic In order to avoid this dilemma as far as possible it 
IS desirable to show that a threshold effect is a reversible process Therefore, 
m our work we have laid stress upon showmg that the mjury potential, which 
can be brought about by powerful cytolytics such as our detergents, if cau- 
tiously apphed m minimum concentrations and for a short tune can be decreased, 
eventually to zero, by rinsmg the muscle with Rmger But, as mdicated in 
Table I, there are vanations m the ease of reversibihty, and a question mark 
means that recovery was brought about only slowly and after the injured end 
of the muscle had been flooded repeatedly with Rmger (see also Hober el al , 
1939) Furthermore the reactivation of the hypodynamic heart m the experi- 
ments of Clark (page 708) may be mentioned, although as yet only a few non- 
polar-polar substances which are normal components of the blood serum, have 
been shown to be effective Finally, it may be recalled that 30 years ago Loeb 
found that surface-active agents, among them bile salts and higher fatty acids, 
administered to unfertilized sea urchm eggs mduced cleavage and development, 
whereas higher concentrations caused cytolysis 

Certainl} , it would be most desnable m this connection to give direct proof 
that the threshold staimng effect on the stellate cells is reversible A slight 
contribution toward such proof is furnished by the observation of the antagon- 
ism of sucrose to the action of detergents (see page 711) so stnkmgly shown 
m earher experiments on d> estuff secretion by the hver This experunent was 
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conducted for the following reason it has been shown previously that a large 
group of organic nondectrolytes and of organic anions, both of them hydro- 
philic because of the presence of a relatively great number of OH and of COOH 
radicals m thar molecules, exhibit an antidispcrsing and dehydrating and 
Bhnniing effect upon hydrated colloids and have vigorous inhibitory but 
reversible influence on the capaaty of the liver to secrete dyestuffa In addi 
bon there is another group of organic substances, nonpolar polar, w5 , half 
organophihe and half hydrophflic, which is diqiersmg and therefore cj^lyzing, 
and winch favors dyestuff secretion. This difference m distnbubon of physico- 
chemical properbes suggested the possibOity of selecting pairs of substances, 
which might antagonise each other m their inflnmce upon the dyestuff secre- 
tion. In such experiments, os mentioned before, sucrose gave the eiqiected 
effect, succinate did nob The reason for the latter result is unknown. 

Now, the question arises as to how to explam the favorable influence of 
serum upon the uptake of dyestuff In this connection an important pomt is 
that, m contrast to the stellate cells, the secretory epithelia of the liver and of 
the tubular walla of the kidney are able to transfer dyestuffs from the blood 
vessels mto and across their own substance whether scrum is present or not 
Evidently, the pnnapal mechanisms of intake are different Here it is sug- 
gestive to consider the well known phagocybe properties of the stellate ceDs 
and other representatives of the rebculo-endothelial system, which enable 
them to incorporate microscopic as well as submicroscopic parbcles, among 
these hemoglobm and other proteins For several reasons, the latter can be 
assumed to form a film around the parbcles of the colloidal dyestuffs, thus 
predisposing the dyestuffs to adhere to the cell surface. However, this cannot 
be more than one factor in explaining the acbvabng power of scrum, since the 
detergents also must be taken mto conaaderabon Perhaps, it is adexpiate to 
assume that the phagocybe mechanism cannot play its part, unless protein is 
present at the surface of the stellate cells Two observabons mainly can be 
ated m support of such a concepb As menboned before, m the absence of 
serum the detergents, even the most reliable ones, the bile salts (page 710), arc 
unable to stimulate the uptake of the colloidal dye mto the stellate cells (page 
710) Under these condibons one finds the dye, especially soluble blue R, 
lined up along the walls of all vessels, not only the walls of the capQlanes en 
archng each islet of the hepabc cells, but also the walls of the larger vessels, 
their inner sides bemg covered by a fine blue coat, and the stellate egiia remam 
mg fairly mvisible This distnbubon of the dye is entirely different from that 
appearing subsequent to perfusion with the addibon of the 2 per cent serum. 
The regular lining all around the laleta ami the regular dork contour on the 
inner wall of the larger vessels fad to be formed. Instead, the stellate cells, 
acbvated by the detergent to a heavy Incorporabon of protein, increase m 
volume and absorb with the protem a great load of dyestuff Li this way, on 
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the one hand, the dyestuff is diverted from the walls of many vessels On the 
other hand, it is shifted to and accumulates m the enlarged stellate cells, which 
project mto the capillary lumma and thus form the characteristic coarse 
network, as described above (page 710) 

Finally, one more feature m the rmcroscopic picture of the stamed stellate 
cells seems worth discussmg In our experunents, the stellate cells m general 
appeared homogeneously stamed, whereas ordinarily they are described as 
contammg the trypan blue m fine dark blue granules = Possibly our pictures 
could be mterpreted as bemg due to extensive impairment of function caused 
by the artificial perfusion of the isolated organ However, rather the contrary 
may be true The appearance of granules m cells stamed with sulfomc acid 
dyestuffs such as those used m our axperiments, m general is suspicious of a 
pathological condition of the protoplasm As a matter of fact, the normal 
appearance of hvmg cells, while absorbmg and transportmg dyes, is that of a 
homogeneous solution Only when a hvmg cell is overloaded by excess dye- 
stuff m the medium, does the formation of granules occur This concept of 
the formation of granules is corroborated m a very convincing way by the 
observations of Chambers and Kempton (1933), regardmg the secretory 
activity of the kidney tubules m explants of the mesonephros of chick embryos 
In our own experunents, dyestuff transfer and accumulation m the secretion 
of the frog’s kidney and hver was followed over hours without displaymg any 
sign of the dye bemg segregated m granules (see further Hober, 1935) The 
customary procedure for studymg active stellate cells was and is to mject 
tr>"pan blue and to observe the microscopic appearance not earlier than 1 or 2 
days later With this procedure one gets the conventional picture with frogs 
However, studymg the microscopic distribution of the dye only a short tune 
after its mtravenous mjection yields prevailmgly the homogeneous coloration, 
as It appeared m our perfusion experiments 

SmDLARY 

1 After a consideration of the physicochemical properties of detergents, it was 
deemed w orth while to study some of their physiological effects As nonpolar- 
polar electrolytes, the detergents are surface-active and as such cytolytics, but 
probably due to their dispersmg and wettmg properties, they are cytolytic m a 
fashion different from that of other cytolytics The detergents tested were 
alkyl sulfonates, alkyl sulfosuccmates, and bile salts 

2 The cytolytic power has been tested m two ways, (1) with red cells by 
follow mg the escape of hemoglobm, (2) with muscles by measurmg the develop- 
ment of an mjuiy potential In both series of experiments the threshold con- 
centrations of action have been determmed The effect on the potentials has 
proved to be, m general, reversible 

- See, e ^ , the colored plates m the article by Cappell (1929) 
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3 The hemolytic and the myolytic power run fairly parallel to the surface 
activity 

4 Dehydrocholate has been found to be larking m nonpolar polar properties 

5 The stellate cells (Kupffer cells) of the Ringer perfused frog hver are 
unable to take up colloidal dyestuflEs (trypan blue and soluble blue R), es:ept 
after addition of a small amount of serum to the perfusmg Ringer solutiom 
Only under the latter conditions, the uptake of dye is increased by adding a 
detergent This seems to be due to the combined action of the proteins and 
the detergents 

6 The effect of relatively high concentrations of detergent is disintegration 
of the stellate cells, ms , cytolysis. There axe reasons to assume that small 
conccntratioiis, which produce a threshold increase of the dyestuff uptake, raise 
the functional activity 
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STUDIES ON CEIX METABOLISM AND CELL DIVISION 

VI OsSEftYAUCTSS ON THB GlVCOOEN CONTENT, CAJLBOHYDRATE 
Consumption, Lactic Acm Phoduciion, and Aatmonia 
PRODUCTION OF Eggs of Aedacia Punctulata 

Bt JOHN 0 HUTCHENS, A K. KELTCH, M. E. KRAHL, ahd G H. A CLOWES 

(Fnm tht LiUy Rescarck Laboraioncs, Indtanapchs, Iiidtcna^ and tie Manne 
Bwlagtcal Laboralary^ Woode ScU, MassachistUs) 

(Received for pobhcatlon, Jannaiy 12, 1942) 

In the course of an expcmncntal program dealing with the question of the 
rdation of respiratioii to energy transfer for cell division in Arbacta eggs, it has 
been reported, in previous papers of this scries, that these eggs contam a num 
bcr of substances which are known to be concerned in the oxidative breakdown 
of carbohydrate m Animal cells. 

To fadhtate evaluation of the quantitative importance of vanoua enzyme 
systems In the metabolism of the Uvmg egg it was important to establish, under 
conditions exactly comparable to those used for detenmnaUon of the com- 
ponents of the respiratory chain m Arbaaa (a) the amounts of various types 
of carbohydrate present in the eggs, and especially the fraction of this carbohy- 
drate which was in the form of glycogen and possibly subject to the sequence of 
metabolic reactions which b^ins with the phosphorylation of glycogen (1), 
and (6) the extent to which carbohydrate was used as a metabohe substrate at 
various stages of egg development 

Confirmmg the observations of Perlzweig and Barron at Woods Hole during 
the season of 1927 (2), it has been found that Arbaaa eggs contain a consider- 
able amount of aad hydrolyzable carbohydrate, but no free reduemg sugar 
In confirmation of the unpublished experiments of Blandiard (3) which were 
also performed during the season of 1927, it has been found that Arioeweggs 
contam an alkali-stable, alcohol-preapitablc carbohydrate. In extension of 
previous work, it has been found that this substance, which corresponds m its 
color reactions, yidd of reducing sugar on add hydrolysis, and optical rotation 
to the ^ycogen from other animal tissues, accounts for about one-half of the 
total carbohydrate of unfertilized Arbacta eggs. 

It has also been found that, during the first few hours of development while 
cdl division was actively proceeding, the fraction of the total carbohydrate 
which was oxidized or converted to lactic add was very gmnll, Indeed, with 
certain samples of eggs, there appeared to be, within the limit of accuracy of 
the a^ienmcntal method, no carbohydrate consumption during the first 3 to 6 
hours of development Under these conditions a substantial proportion of the 
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oxygen consumption could be provisionaUy accounted for, on the basis of meas- 
urements of concurrent ammonia production, by oxidation of protein 

Experwtenlal Methods 

Mature Arbacia eggs were obtained at Woods Hole during June, July, and 
August, 1941 They were shed, washed, and, where necessary, fertilized as 
described in previous papers of this series 

Analysis for Total Carbohydrate — The eggs were prepared for carbohydrate analy- 
sis, and the wet weight and nitrogen content determined either by total nitrogen 
analyses or by calculation from hematocrit values as descnbed below m the section 
on egg number-volume-wcight-nitrogen content-conversion factors To find the 
total carbohydrate, the eggs were packed by centnfugmg m a 15 cc tube, taken up 
in 1 N HCl, and hydrolyzed for 1 hour m a boihng water bath Confirmmg Perizweig 
and Barron, it was observed that longer hydrolysis yielded no more reducmg matenal 
The protems and protcm cleavage products were precipitated by addmg an equal 
volume of a solution 0 2 ii m mercuric acetate, and 0 2 m m HCl, the excess mercury 
was removed with HoS, and the HiS removed with an air stream An ahquot of the 
solution was then neutralized, made to a known volume, and filtered to remove 
schinochrome ' The reducmg material was then determmed either by the Fohn-Wu 
(4) copper method or by the Fohn (S) femcyanide method When both methods 
were appbed to the same sample, they always yielded the same values for egg-reducing 
natenal (see Table II) Permutit and Lloyd’s reagent were used in an effort to 
letect and remove any non-specific reducmg materials, but the reducmg values 
jbtamed after such treatment were the same as before 

Determination of Glycogen — Glycogen Avas isolated from the unfertilized Arbacia 
:ggs by the following version of Pfliiger’s (6) method The packed eggs were mixed 
vith 1 volume of 60 per cent NaOH solution and hydrolyzed for 3 hours m a boihng 
water bath Longer hydrolyses up to 6 hours did not change the glycogen values 
obtamed from a given egg sample The mucture was then diluted with an equal 
volume of water, and alcohol added to give a final concentration of 66 per cent by 
volume The glycogen was allowed to precipitate m the ice box, usually overnight, 
centrifuged down, and dried For volumetric analysis, the glycogen was redissolved 
m water and ahquots were subjected to hydrolysis and sugar analysis as descnbed 
above For polarization analysis, the glycogen samples were reprecipitated several 
tunes Avith alcohol and partially decolorized with charcoal For the companson 
analyses of Table V the samples for volumetnc analyses were withdrawn, after the 
readmgs, durectly from the polaruneter tube 

FoUowmg the suggestion of Blanchard (3) a number of egg samples were extracted 
repeatedly with a 50-50 mixture of ethyl alcohol and ethyl ether, then dned, before 
the alkahne hydrolysis This procedure, which was employed ta remove hpoidal 

1 Further mvestigation of the conditions for echmochrome removal showed that 
m order to obtam optimum preapitation, the solution had to be at least 0 75 m m 
NaCl (or its equivalent m lomc strength) and at a pH above 6 , the presence of divalent 
ions, such as calcium or magnesium, also favored preapitation of the echmochrome 
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materials which might interfere with subs«iucnt preapitatioii of the glycogen from 
alcohol, caused a loss of ajqiroiimatefy 25 per cent of the total carbohydrate of the 
egg and did not improve the glycogen yields or the punty of the isolated ^ycogen. 

The optical rotations were measured m a 2 dm tube on a polanmcter rcadmg to 
±0 05®, the most concentrated solution of glycogen which would transmit 

sufficient light to permit matchin g of the fields of the polanmcter Ten observations 
by each of two operators were made on eadi solutiom The maximum variation of 
readings by individual observers was ±0 1® 

Frocidurc Jor Melabolic DeUnmnalions — The eggs were obtained, washed, and 
fertilued m a largo volume of sea water 95 to 100 per cent fertilization bemg ob- 
tained m each case. The fertilized eggs were allowed to settle, the supernatant sea 
water removed, enough 0 11 u pH 8 0 glytylglycme bufler (330 mg glycylglycme 
phis U cc M NaOH to 25 cc. with sea water) added to give a final concentration of 
0 01 u, and the volume adjusted to give the desired per cent of eggs by vohime. For 
experiments with normal eggs, the mam compartment of each Warburg flask received 
2 0 cc. of a 3 0 per cent egg suspension When 4 6-dimtro-<>-cresaI was used, each 
received 2 cc. of a U per cent egg suspension phis 0 1 cc, of a solution of 4 6- 
dimtro-fMicsol m sea water The center cup received 0.5 cc. of Zd N HCl, and the 
side arm Od cc. of freshly filtered, saturated, faanum hydroxide solution. The 
were placed m the bath at 30 mhintes after fertih ration and cquihbiatcd, at 20® C , 
with air 09 gas phase, for 20 to 30 nuuutes, a number of preliminary manoznetne 
readings bemg taken durmg this time. The initial reading for the actual detennlna 
tion was rtkgn at 50 or 60 minutes after fertihsatioiL Each detenninotion was 
m duplicate, the first pair of flasks having the contents of the mam vessel, 
ce n ter cup and sidc ?rm mrrwt immediately following the initifll reading with subse- 
quent pairs being sunHaify treated at the times shown in the tables. The were 
shaken at 60 cyda with a 4 cm. aaiphtude. Under these ccndiUonSj the eggs were 
Just at the point of first division at 1 hour after fertilization, the time at which measure- 
ments began, developed to swimmmg blastulae at 10 hours, gastrulae at 15 hours, and 
ehoit-armed plutei at 24 hours. The ghaking rate was shown to be adequate for 
maintenance of oxygen equilibnum and the average o^^gen consumption for every 
ample of eggs fell very close to the average value of 3 1 c.Tnm. per 10 cmm. eggs per 
hour as observed m laboratory for acveral years. 

At the end of the experiment, the total contents of each duplicate pair of Warburg 
flasks were carefully nnsed into a 10 cc. vohimetnc flask and made to volume. Suit 
able aliquots from each sample were then analyzed for sugar by the Folin ferricyanlde 
method as described above, for lactic aad by the colorimetac method of Barker and 
Sommeison (7), and for ammonia by nesslexization of the distillate obtained after 
1 hour aeration of wlkalJniiwi Mmplp* by the technique of Folia (8) 

VrV V K;UTlfgT fTAT. RESULTS 

NUrogen ConUTtl tn Relaium to Number, Volume, Wet Wetghi, and Dry Weight 
of Arbaaa Eggs — For comparison of the present data with that presented on 
vanous phases of Arbaaa egg metabolism in previous papers of this senes and 
by other mvestigators, it was desirable to know the nitrogen content of the eggs 
under the present conditions of erpenment. For this purpose, unfertilized 
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Arhacia eggs were, as in the actual experiments, freed of ovarian material by 
sifting through two layers of cheese cloth, then washed by aUowing them to 
settle through two changes of sea water The percentage of eggs by volume 
in tlie suspension used in any experiment was measured by the hematoent 
metliod previously described (9) An aliquot of the egg suspension was re- 
moved for total nitrogen analyses, digested, and nesslerized by the micro 
Kjeldahl method of Fohn (10), the color being measured photoelectricallyat 
400 m^ Another aliquot from the same suspension was packed by centnfug- 
mg for 5 minutes at 2000 gravity m a tared 15 cc centrifuge tube ter mina ting 
m a 5 mm capillary The supernatant sea water was carefully drawn off by 
suction, the last portions of extraneous sea water bemg removed from the mside 
of tlie tube with filter paper The tubes were weighed with contents and then 
dried to constant weight at 110°C 

The results of four experiments are given m Table I By the present method, 
the eggs were found to contam 23 9 per cent of the measured wet weight as 
solids, or 25 9 per cent of the wet weight calculated from the egg volume and a 
density of 1 09 as solids In 1909 McClendon- (11) reported the solid content 
of unfertilized eggs to be 22 6 per cent In 1940 Ballentine (12) reported 265 
mg dry weight per cc eggs (volume determmed by diameter measurements on 
individual eggs in conjunction with egg counts), on the assumption of an egg 
density of 1 09 (13), this gives 24 2 per cent solids 

Ballentine also reported 0 107 mg nitrogen per mg dry weight, which is es- 
sential agreement with the value of 0 101 mg nitrogen per mg dry weight found 
in the present experiments If the average value of 95,000 eggs per cc of 2 per 
cent eggs, used in this laboratory for several years (9), is converted on the basis 
of the data of Table I a figure of 5 93 mg mtrogen per 10® cells is obtamed, 
Ballentine found 5 86 mg nitrogen per 10® cells Smee the data of Table I 
appear, therefore, to be m satisfactory agreement with previous data, the fac- 
tors for nitrogen per unit of egg volume or per number of cells bemg particularly 
reproducible, no further experunents of this t}q?e were made 

On the basis of BaUentine’s data and that of Table I, unfertilized Arhacia 
eggs contam approximately 63 to 67 per cent of the dry weight as protem 

Total Carbohydrate Content of Arhacia Eggs— The results of twenty-one 
determmations of the total carbohydrate content of Arhacia eggs are given in 
Table If The average figure was 1 10 mg carbohydrate (calculated as glucose) 
per gm egg protem 

It will be noted that the values obtamed during the early part of the season 
tend to be lower than those obtamed later This may be m part connected 

2 In a previous paper of this senes the sohd content of Arhacia eggs was taken to he 
18 1 per cent, as quoted from McClendon by Harvey (see Harvey review (3)) This 
IS the sohd content calculated from data on vanous egg fractions obtamed by centn- 
fugmg The figure given by McClendon for the sohd content of the whole egg was 

22 6 per cent 



TABLE I 

Totci Niirc[cn and Solid ConUnt of UttfaiUiud Eifl of Ajiadc fundu l aiA 
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With the fact that eggs used after August 1st came, m the majority of cases, from 
urchms which had been stored in aquaria inside the laboratory for periods of 2 
to 4 weeks, the eggs used in the early CKperiments came from urchms stored for 
only a few days m the laboratory 

No reason can be given for the fact that the present carbohydrate values are 
twice as high as those reported by Perlzweig and Barron, especially smee the 
methods for hydrolyzing and determimng carbohydrate, removal of mterfermg 
substances, and determination of egg nitrogen content were essentially the same 
in the two investigations In view of the variation among the separate de- 
terminations of Table 11, the discrepancy may possibly be attributable to varia- 
tions in the source and handling of the urchins 

The egg hydrolysates, after removal of interfering substances by the mercuric 
acetate precipitation, did not reduce neutral or acid ferncyamde solutions 
Also, confirming Perlzweig and Barron (2) and Blanchard (3), typical gluco- 
sazone crystals appeared in concentrated hot egg hydrolysates at the same rate 
as in known glucose solutions of the same reducing power, and melted simul- 
taneously with known glucosazone crystals at 204°C (uncorrected) How- 
ever, not all of the total carbohydrate was glucose, smee the presence of some 
pentose was shown by formation of furfural on boiling the isolated sugar with 
concentrated HCl 

It was of interest to determine how much of the reduemg carbohydrate might 
arise from the jelly surrounding the eggs To investigate this question the 
following experiment was conducted 

A suspension of eggs was divided mto two parts One part was analyzed in the 
usual way, giving 1 15 mg glucose and 14 0 mg protem, i e , 82 mg of glucose per 
gm of protein The eggs in the other part, after packing by centrifugation and 
removal of the supernatant sea water, were shaken gently in isotomc NaCl (0 55 ii), 
packed, and the supernatant NaCl solution decanted The eggs were washed agam 
with isotomc NaCl and the two NaCl washings combmed The eggs, freed of jelly, 
were then analyzed as before, givmg 1 32 mg glucose and 14 7 mg protem, t e , 
90 mg of glucose per gm of protem The NaCl solution contammg the jelly was 
evaporated to 25 cc This solution contained no demonstrable reduemg matenal, 
but was found to contain the mtrogen equivalent of 1 56 mg protem Addmg the 
nitrogen found in the jelly to that found m the eggs from which it was removed gave 
a total of 16 3 mg protem which, divided mto the glucose found m the eggs, gave 
81 mg of glucose per gm protein 

This experiment was repeated with similar results It seems clear that the 
jelly, though accounting for about 10 per cent of the mtrogen of the eggs, con- 
tains only an mappreciable fraction of the hydrolyzable reducing sugar of the 
eggs, thus, the reducing carbohydrate is m the egg where it is a potential source 

of energy , , , j 

Glycogen Conient of Arbacta Eggs— The results of a number of glycogen de- 
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terminations on unfertilized i4f6ac»a eggs are given in Table HL The glycogen 
content here observed (40 to 57 mg per gm egg protem) is of the same order 
as that (50 to 80 mg per gim egg protem) obtained in the unpublished estperi 
ments of Blanchard (see (3)) It is also of the same order as that found m the 
eggs of the European sea urchins Paractntrotus hmdus and Echtntu escuUnius 
(see Orstrbm and Lmdberg (14) for a summary of the total carbohydrate and 
glycogen contents of these eggs) 

Smee only about one-half of the total hydrolyzable carbohydrate was ac- 
counted for as glycogen, recovery of a known amount of glycogen was at 
tempted 

2 ahquots of eggs from the same batch were earned through the procedure for 
glycogen isolation. The first sample, containing 4.03 gm. wet eggs, gave 66 mg total 


TABLE in 

Gycagm CofUait of VnfertUtstd Arhccia Ettt 



TftUl AcU-hTdrolrnbU 
eubobjilate (u eaeott} 
pe cn erf ta pfotein 

GlTtoctc (u ifaicon) 
per gta. of cn ptolfla 

Eatlo of iljcocct to toul 

aubohjdJ^ 


■r 

■1 

ttTUMi 

6-24-41 


44 

47 

7-16-41 

109 

55 1 

51 

7-24-41 

94 

49 ' 

52 

7-24-41 

109 

57 1 

52 

8-29-41 1 

lU 

5 1 

45 

8-29-41 

128 

S7 

44 

8-29-41 ' 

125 

40 1 

32 

8-29-41 1 

m 

1 

41 

Mean 

46 


glucose and 34 4 mg. glycogen (calculated as glucose), i 52 per cent of total 
hydrolyzable carbohydrate as glycogen To the second sample, containing 2 02 gm 
wet eggs, glycogen (Pfanstiehl) equivalent to 3U mg glucose (as shown by analysis) 
was added. On analysis, this second sample gave 47.5 mg. glycogen (calculatedos 
^cose) of which 17.2 mg (0.5 X 66 X 0 52) came from the eggs and 30.3 mg came 
from the 31.3 mg added indicating a recovery of d7 per cent. 

Further expenment (Table IV) indicated that the pnnapal loss of carbohy 
dratc occurred at the ether-alcohol extraction and the alcohol preapitaUon 
steps of the glycogen isolation, only a negligible loss bong incurred dunng the 
alkaline hydrolysis. 

The glycogen isolated from unicrtilhedArbacut eggs by the present procedure 
gave the expected red-brown color test with iodine solutions. Further evidence 
for the identity of Arlmaa ^ycogen with that m other ammnl tissues was pro- 
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vided by experiments m which glycogen, after several alcohol precipitations, 
was estimated from its optical rotation before acid hydrolysis and also by the 
ferricyamde method after acid hydrolysis Results of six experiments (Table 
V) show the average value obtained by hydrolysis to be 98 per cent of that 
obtained by rotation 


TABLE IV 

Loss of Hydrolyzable Carbohydrate at Vanous Stages snlhe Isolation of Glycogen from Unfertilized 

Arbacia Eggs 



Total acid hydrolyzable 
orbohydrate (as glucose) 
per gm of e^ protein 

Cumulative loss of 
original glucose 


mt 

per cent 

Ongmal eggs 

Followmg drying uith 50 per cent alcohol-SO 

109 

0 

per cent ether 

82 

25 

Following alkalme hydrolysis 

Following precipitation wth 66 per cent 

SO 

27 

alcohol 

55 

50 


TABLE V 


Comparison of Glycogen Analyses by Measurement of Optical Rotation before Acid Hydrolysis 
•with Those by the Ferncyantde Method after Aetd Hydrolysis 


Rotation* 

Glycogen per cc (calculated as glucose) 

Ratio of glucose by fern- 
cyanide method to glucose 
by rotation method 

By rotation method 

By fcrricyouide method i 

• • • 1 

detrees 

me 

me 

per cent 

0 7 

1 8 

2 0 

111 

1 1 

2 8 

2 5 

89 

1 9 

4 8 

4 4 

92 

5 1 

13 0 

12 0 

92 

1 6 

3 1 

3 0 

97 

4 5 

11 5 

12 2 

106 

Mean 

98 


* Larger rotations could not be read because of the traces of color which could not be 
removed from the egg glycogen The specific rotation of glycogen is 196 6“ (15) 


Metabohe Detenmnatians —Havmg estabbshed that Arbacia eggs contam a 
considerable amount of carbohydrate in a form presumably subject to use as a 
metabolic substrate, it was of mterest to make a prelumnary survey of the ac- 
tual carbohydrate consumption of the eggs as they developed under the con- 
ditions of experiment used m previous papers of this series Measurements 
of carbohydrate consumption and of formation of various metabolic products 










HUTCHENS, KELTCH, CBATTL, AND CLOWES 


725 


were made at mtcrvals between 1 and 2S hours* after fertiluation at 20®C 
(Tables VI and VH ) 

The results mdicate that dunng the first 3 to 6 hours of development, the 
penod m which cdi division is most actively proceeding, the fertilized eggs may 
or may not consume significant amounts of carbohydrate. Indeed, m two 
experiments (Nos, 89 and 91), there appeared to be httle or no carbohydrate 
consumed m the 6 hour period between the 1st and the 7 th hour of develop- 
ment Since the experimental error m the glucose detenninations was about 
± 2 per cent, complete absence of carbohydrate consumption m these cases 
was not established, but the maximum carbohydrate consumption allowed by 
the error of the determination (at most OJ X 10^ moles glucose per gm, wet 
eggs) could not account for more than 15 per cent at most of the o^gen con 
sumption during the first 6 hours. From the 15lh to the 24th hour, however, 
considerable amounts of carbohydrate were consumed by every egg sample. 

Of the carbohydrate consumed m any given instance, a negligible proportion 
was converted to lactic aad dunng the penod from the 1st to the 24th hour of 
development It is true, as pomted out by previous mvestigators (2, 3), that 
the eggs contam some lactic aad shortly after fertilization, but neither produc 
tion nor consumption of lactic aad appeared to be of quantitative importance 
as energy yielding processes for Arhiic%a eggs dunng tbeir first 24 hours of 
development 

In every experiment, Arlnaa eggs were found to produce substantial amounts 
of ammonia. In a number of cases, the oxygen which would have been con 
sumed m producing the observed amount of ammonia from complete oxidation 
of protem (see Dickens (16)) agreed with that actually consumed. This find 
mg suggested that the ^gs might denve a considerable fraction or, m the 
absence of carbohydrate consumption, all of the energy for early development 
from protein ondabon. 

Unfortunately, the situation is not so simple as this, since the oxygta con 
sumption required for protem oxidation was, m a number of expenments, 

*The question of the degree to which bacterial growth may contribute to the 
metabolic values obtained at the 15th and 24th hours cannot be defimtely answered, 
but It may be noted that the oxygen cousumptmn of the varions egg samples remama 
fairly constant from expenment to experiment, giving no reason to suspect chance 
bacterial growth. In control expenments, an attempt was made to detect and pre- 
vent any potential bacterial growth by use of a senes of closely spaced conccntratioiis 
of sodium ethyhnercunthiosalicylate As the concentration of this substance vras 
increased, there was no efiect on the respiration of the egg suspensioa until a con 
centration of 5 X 10^ u was reached. Beyond this concentration, the respiration 
of the eggs was inhibited along a smooth concentration efiect curve which gave no 
indication that any organism except the eggs was contributing, during a 24 hour 
period, to the respiration of the egg suspeciion 
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TABLE VI 


Oxygen Consumption, Carbohydrate Content, Lactic Acid Content, and Ammonia Nitrogen 
Content of Arbacta Eggs from the 1st to the 25th Hour of Development at ZCP C 


Eip No 

Date 

Wctvfcight 
ol eggs used 

Tune after 
fcrtilfzatioa 

Total oxygen 
consumed 

Total egg 

1 carbohydrati 
content (as 
glucose) 

: Total 

lactic acid 

Total egg 
ammonia 
mtrogen 



ms 

hrs 

c mm 

nt 

Mi 

Ot 

45 

7-30-41 

66 

1 


1012 


20 




4 

51 

963 

No analyses 

34 




7 

110 

925 


45 




11 

222 

835 


54 


j 


16 

352 

695 


63 


] 


24 

563 

493 


71 

89 

8-21-41 

66 

1 


1530 

16 

20 




4 

52 

1490 

14 

31 




7 

124 

1530 

15 

36 





221 

1190 

19 

40 


1 

1 


463 

1060 

19 

44 





808 

985 

16 

71 

90 

I 

8-23-41 

66 


1 

1505 

7 

22 


I 



56 

1505 ' 

7 

38 





134 j 

1475 

7 

40 





232 

1475 

5 

40 


1 

1 


16 

413 

1 1440 

6 

58 


1 


25 

877 

1135 

9 i 

1 

75 

91 

8-24-41 

60 

1 

1 


910 

9 

I 

16 




' 4 

45 

900 

6 

! 7 


1 


7 

117 

910 

6 

5 




11 

242 

905 

7 

40 


i 


16 

364 

910 

7 

57 


1 


25 

615 

683 

8 

94 

92 

[ 8-25-41 

66 

1 


1480 

8 

40 




4 

61 

1390 

8 

55 


1 


7 

152 

1400 

4 

55 




11 

286 

1230 

5 

83 




16 

488 

1260 

6 

91 




25 

890 

1080 

7 

107 

96 

8-27-41 

66 

1 


1479 

15 

29 



4 

75 

1470 

6 

33 




7 

173 

1458 

6 

39 



1 

10 

326 

1375 

7 

59 

! 



16 

425 

1310 

7 

55 

1 

1 


! 

25 

798 

1023 

8 

112 
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TABLE Vl—Condudtd 


Eii>.No 


oI«c(»aMl 

Tima klLcr 

Total axyc*Q 
OQosnmed 

Total w 
<artK>hym«te 
eoaUnt (m 
^oeoM) 

ToUl cu 
Uetlo aw 

' Totslta 

SQunoflia 



•r. 

hru 

C.«L 


' p* 

1 

Pi 

46* 

fr-2-41 

33 

1 


775 

10 

13 




4 

52 ' 

7S3 

10 ' 

20 




7 

111 

722 

11 

25 




10 

164 

657 

11 

23 




16 

265 

620 

14 

54 




26 

43S 

548 

10 

113 

99At 

8-2S-41 

44 

1 


1438 

5 

8 




11 

177 

lass 

6 1 

55 

B 



1 


1330 

5 

21 




11 

330 

1330 1 

4 

53 

C 



1 


1250 

6 

20 




U 

136 

1250 

6 

25 


• All mnple* on tain wl 1 X ICT* u 4,6-dJnltro-o-CTtsoL 

X The A samples were aormal eggs the B aad C sampk* ccntaloed 8 X i0~* u md 6 4 X 
10^ u 4 6-dmitrD'<j-crc»ol, respectively 


eitlier greater or leas than the oxygen consumption which was not accounted 
for by carbohydrate oxidation For the periods m which the total oxygen 
consumption could not be accounted for by the sum of carbohydrate and 
protem oxidation (sec particularly experiment 96, 1 to 7 hours), the oxidation 
of other substrates, e g fat, poa^ly accounts for the remaining oxygen con 
sumed. In this connection, it is suggestive that the respiratory quotients for 
such periods were low 

Clearly, much further work is required to establish the relative importance 
of various metabohe substrates m Arbacia egg development. For the present, 
the important pomt i9 that the Arbcc$a c^s m the separate samples consumed 
oxygen at essentially the same rate, and developed normally at the same rate 
irrespective of whether they used carbohydrate- or ammonia yielding sub- 
stances as their pnnapal sources of foodstuff This suggests that if the 
energy for cell division of Arbacia eggs comes from a particular sequence of 
respiratory processes, this must be one which is common to both carbohydrate 
oxidation and protem oxidation, or one which is concerned with the ublkation 
of some other substance not accounted for here. 

In previous experiments (9) it has been shown that 4 , 6-dimtro-o-cre*ol, when 
used m optimum concentration, can raise the oxygen consumption of fertiliicd 
Arbacta eggs to 3 or 4 tunes the normal level over a penod of 3 hours The 
present experiments show (Table Vm) that 8 X lO^ii or 10^ii4,6-dmitro-o- 
cresol m raising the oxygen consumption by almost 100 per cent over a more 
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TABLE Vn 

Am„„^ 

Nmial FMlai Arbaap Esv «< 20’C , A, Cptculaiafn I Gm Wa Ewjrm Ik. Dki 
of Table VI 


Period of 
Eip No measure 
ment 


hrt after 
fcrtili.a 


Oxygen 

consumed 


Glucose 

used 


Oxygen Ammonu °^' _ , 

equivalent of n'tcogen ^cn equiv Simi of 
j (NHi-^W of columns 

glucose used ammonu 6 and 8 

nitrogen 


mold X m moles X JO* moles X 10* 


2 04 
0 

17 1 
23 8 
27 5 


3 35 
8 71 
18 0 
27 2 
45 8 


-4 71 
-5 77 
12 6 
21 5 
40 9 


4 56 
4 02 
12 6 
11 1 
20 2 
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extended penod, does not induce the consumption of sufficient excess carbo- 
hydrate to account for the excess oxygen consumed 
This effect is cspeoally striking m experiment 99 While the oxygen con 
sumption was raised by 8 X 10^ M 4:,6-dimtro-o-cresol from 18 0 to 33 6 X 
10^ moles per gnn wet eggs, the carbohydrate consumption from the Ist to the 
11th hour was reduced, withm the limits of experimental error, to zero How 
ever, the low carbohydrate content of the 4,6-dinitro-i>-crcsol treated eggs at 1 
hour indicated that there had been, dunng the 30 mmute equilibration penod, 
a considerable consumption of carbohydrate. The ammonia production from 
the 1st to the 11th hour was also reduced to a pomt where the total oxygen 

table vm 


RiiaUen of OtcyitH ConsuMption to CarbokydraU Consumptkm and Ammonia Produdion in 
4 6-Dtmtro-o-Crtsol TroaUd-FtriUcod Arhocia Eiff, as Calcnlcitd for 1 Gm Wet Eus 
from Iks Dda of ToiU VI 


1 

3 

3 

4 



7 

1 


10 

Exp. No. 

Period oi 
mtwm- 
ment 

Coocentn 
Uoa i,6- 
dlcdtrt^^ 
aad 


1 

Ofatosss 

Bted 

ccuif dot 
ol tlacoM 
OMd 

AjamcaU 

nlltMpa 

(NHj-N) 

lorzKd 

Prottin o*y 
t*a wnlv 
UBlt U USX 
BWeik Bltn>> 
fta iNm— 
NX 44) 

Sum of 
colnouis 
7u>d9 


kn 4/1^ 
/fftuUs 

U4B 

msta mr 

t X 

mda 

XiO* 


•wtu 

XiO* 

ado XJO* 


odo X ;o> 

ado 

X 

99A 

1-11 

0 

18 0 

0 93 

4 81 

28 B 

7 63 

33 6 

62 4 

B 

1-11 

8 

33 6 

0 89 

0 

0 

5 19 

22 8 

22 8 

C 

1-11 

64 

13 8 

0 92 

0 

0 

0 81 

3 57 

3 57 

46 

1- 4 

10 

7 04 

0 97 

0 37 

2 22 

1 52 

6 70 

8 92 


1- 7 

10 

15 0 

0 89 

0 89 

5 33 

2 60 

11 4 

16 7 


1-10 

10 

22 2 

0 87 

1 99 

11 9 

2 16 

9 51 

21 4 


1-16 

10 

35 6 

0 91 

2 61 

15 6 

8 88 

39 1 

54 7 


1-26 

10 

59 3 

0 91 

3 82 

22 9 

21 6 

95 1 

118 0 


consumption could not be accounted for by oxidation of protein. At 6 4 X 
10^ u 4,6-dimtroHxresol, a concentration greater than the optimum for 
respiratory stimulation, the carbohydrate consumption was also reduced to 
zero and the proportion of o^rgen consumption accounted for by protem oxida 
tion was even smaller than at 8 X 10^ u Further experiments to elucidate 
this effect and its relation to the cdl division blocking action of thiq of 
compounds arc obviously desirable, 

SUUUARY 

1 Under the present conditions of cipenment, Arhacia eggs were found to 
contain an average of 110 mg of aad hydrolyzable carbohydrate (calculated 
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as glucose) per gm of egg protein This carbohydrate was almost all m the 
egg proper, httle or none being found in the jelly 
To permit conversion of the data to other bases of reference the relation of 
nitrogen content to wet and dry weight and to egg number were determined 
The eggs were found to contam 23 9 per cent sohds, 0 10 mg mtrogen per mg 
dry weight, and 5 93 mg nitrogen per 10® cells From these results, about 7 
per cent of the egg dry weight is acid-hydrolyzable carbohydrate and about 65 
per cent is protem 

2 Approximately one-half of the total acid-hydroIyzable carbohydrate was 
isolated m the form of an alkali-stable, alcohol-precipi table carbohydrate 
This substance gave a typical glycogen color test with lodme, yielded glucose 
on acid hydrolysis, and had, within the lirmts of experimental error, the same 
optical rotation as glycogen from other animal sources Smce known amounts 
of glycogen were completely recovered when carried through the isolation 
process, the nature of one-half of the acid-hydrolyzable carbohydrate of Arbacia 
eggs remams undetermmed 

3 In order to gam some estimate of the extent to which Arbacta eggs utihze 
their total carbohydrate for development, detenmnations of the oxygen con- 
sumption, respuratory quotient, carbohydrate consumption, lactic acid produc- 
tion, and ammoma production were made While all samples of eggs were 
found to utilize carbohydrate from the I5th to the 24th hours of development 
at 20°C , certam samples of eggs consumed httle or no carbohydrate from the 
1st to the 6th hours, the period durmg which ceU division proceeds most 
rapidly In a number of instances where carbohydrate breakdown was lack- 
ing, a substantial proportion of the oxygen consumption could be accounted for 
on the basis of processes mvolvmg oxidation of protem or protem breakdown 
products 

The authors desire to thank Mr LmviUe A Baker for techmcal assistance 
m various phases of the work here described 
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STUDIES ON CELL METABOLISM AND CELL DIVISION 

Vn. Obseuvations oh the Amount and Possible Function op Diphospho- 
thiamine (Cocajlboxylase) in Eggs op Apbacia Punctulata 

Bt M E. TCUATTT^ BERKHABLD J JAKDORF and G H. A, CLOWES 
(From tJic LiUy Research LaboraUtneSf Indianapolis Indiana, and the Marine 
Biological Laboratory, Woods Bole, Massachusetts) 

(Received for pubbcatloii, February 18, 1942) 

The expenmenta here reported were made aa part of an expemnentol inquiry 
into the mechaniam of energy transfer for cell division m the fertilized eggs of 
Arhacia punctulata It haa of late become increasingly apparent that efforts 
to relate metabolism to function must be based on a detailed knowledge of the 
metabolic processes in the particular tissue m question Accordingly, for some 
tune an effort haa been made m this laboratory to establish for Arbacta eggs 
(a) the concentration of certain catalytic substances which are known to be 
important for respiratory electron transfer, and (6) the relation of these agents 
to the mdividual metabolites and their activating pro terns In the course of 
this program, it has been shown (1) that the eggs contain an enzyme which, 
with cytochrome c os a substrate, displays the properties of an electromotively 
active non porphyrm oxidative catalyst. It has also been s)aown that Arbacta 
eggs contam ffavin adenine dmucleotide (2) 

The present paper deals with the occurrence of diphosphothiamine (cocar 
boiylase) m Arbacta eggs. In certain cells, this substance is mvolved m at 
least one type of oxidative energy transfer, namely, the couplmg of pyruvate 
oxidation with phosphorylation (3-6), diphosphothiamme also catalyzes a 
number of other metabolic processes in animal tissues, especially those con 
cemed with both aerobic and anaerobic utilization of pyruvic aad (7) It was 
therefore of interest to find that the diphosphothiamme content of Arlacta 
eggs, 2-3 rmcrograms per gram wet weight, is comparable with that in ether 
animal tissues (8, 9), and that crude enzyme preparations from Arbacta eggs 
can cause pyruvate to disappear both aerobically and anaerobically 

ExpertmenUd Methods and Materials 

Pnnaple of Dipkosphothamine and PyruvaU Determinations — ^Dipbospbotbiamme 
wa* estimated by manometne measurement of the rate of decarboxylation of pyruvic 
oad under conditions where the rate of CO* liberation was proportional to tbe con 
centra tion of diphosphothiamine. 

Pyruvic add was estimated, as suggested by Warburg and Cbnstun (10) by 
manometric measurement of the total COj liberated by carboxylase from solutions 
of pyruvic aad. 
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Preparation and Test of Carboxylase — Carboxylase was prepared from dried top 
ale yeast, ^ essentially according to the directions of Green, Herbert, and Subrah- 
manyan (II) Both the preparation and sphtting of the carboxylase were based on 
the methods of Benditt (12), we are greatly indebted to Dr Benditt for puttmg his 
results at our disposal As here employed, the carboxylase preparation was as 
follows 150 cc of 0 067 ir phosphate buffer, pH 7 2, were warmed to 40° C m a 500 
cc Erlenmeyer flask, and 50 gm of dried yeast were added slowly with shaking 
The mLxture was kept at 38° C for 1 hour, with occasional shakmg, 50 cc water 
were then added The mixture was centrifuged for 20 mmutes m an angle head 
centnfuge at about 2000 gravity The residue was discarded To the supernatant 
hquid were added 14 cc 0 5 m phosphate buffer, pH 7 2, followed by 7 cc of 1 m 
calcium acetate drop by drop with constant stimng The mixture was agam centri- 
fuged for 10 mmutes in an angle head centnfuge at about 2000 gravity ITie pre- 
cipitate was discarded 38 gm reagent grade ammomum sulfate were added slowly 
to each 100 cc of the supernatant liquid, the suspension was stirred untd the salt was 
m solution The carboxylase was used in the form of this suspension and could be 
preserved for several weeks at 8° C without loss of activity 

The activity of carboxylase was determined manometncally m Warburg vessels 
as descnbed below under test system for dipbosphothiamme m Arbacia eggs Results 
were expressed m terms of units (11) of activity per cubic centimeter, j e, the re- 
ciprocal of the volume of enzyme suspension necessary to produce 100 cmm COi 
m 3 mmutes at 30° C For the test, the mam compartment of each vessel contamed 
0 05 cc carboxylase suspension, 0 05 cc of a solution contammg 1 mg synthetic 
diphosphothiamme per cc , 0 35 cc 0 25 m phosphate buffer, pH 6 4, 2 35 cc water 
The side arm contamed 0 5 cc 16 m sodium pyruvate 

Preparation and Test of Split Carboxylase — To a mixture of 20 cc carboxylase 
suspension, prepared as descnbed above, and 40 cc water m a 250 cc graduate, 8 cc 
concentrated amm onia were added, the mixture was allowed to stand 10 mmutes at 
room temperature Then 72 cc of a saturated solution of reagent grade ammomum 
sulfate were added and thoroughly mixed with the ammoniacal solution The re- 
sultmg suspension was centrifuged m an angle head centnfuge for 30 mmutes and the 
supernatant discarded The preapitate was taken up m 10 cc 0 25 m phosphate 
buffer, pH 6 4, the solution transferred to a 25 cc graduate, and the centnfuge tubes 
nnsed with 5 cc of the buffer which was then added to the enzyme solution To 
the combmed solutions 9 5 gm reagent grade ammomum sulfate were added, the 
mixture was stirred untd the salt dissolved After adjustment to pH 6 4 the volume 
was made up to 25 cc with the 0 25 m phosphate buffer This suspension of car- 
boxylase protem, which was virtually free from diphospho thi a mm e, was used for 

^ Top brewer’s yeast, obtamed from the Croft Brewery, Boston, Massachusetts, 
was collected on large Buchner funnels and washed with 5 volumes of tap water, 
followed by 1 to 2 volumes of distilled water Fdtration by suction was contmued 
untd the cake started to break up The yeast was spread on sheets of filter paper, 
m as fine a state of division as possible, and dned overmght under a fan at room 
temperature The particles were crushed by rolhng with a large bottle and sifted 
through a fine screen The quicker the drymg process, the more active the dned yeast 



11 E, KRAHL, B J JANDOttF, AND 0 H A, CLOWES 


735 


the dlphosphothiammc detenninatioiia, it could bo preserved for a week or two 
atS^C 

For the test the mam compartment of each Warburg vessel received 0 05 cc. of 
split carboxylase, 0^ cc. of a solution containing 410 mg MnS 04 4HjO per 100 cc. 
m water 0 05 cc. of a solution containing 1 mg synthetic diphosphothlamme per cc., 
0.35 cc. 0.25 u phosphate buffer, pH 6 4, 2 05 cc. water The side arm contained 
0.5 cc. 1 6 u sodium pyruvate. The test was run, and the results expressed, as 
descnTjcd above for the complete carboxylase eaxyme. 

By this method of preparation, solutions containing 5 to 8 amts of carboxylase 
per cc. (when resatuiatcd with diphosphothiamine) were obtamed. 

This method of preparing spht carboxylase yielded enxyme preparations which 
gave in the above test a blank value (t e. m absence of added diphosphothiamme) 
equal to only 0 to 5 per cent of the value obtained when the cniyme was saturated 
with added dlphosphothiamine. Any blank value initially di^layed by the spht 
carboxylase tended to decrease or disappear after a day or two of storage at 8® (1 

Freparatum end Tat of Sodtum PynewU — 17 6 gm Kastman Kodak Co pyruvic 
add (No 498) were cooled in on ice-salt bath and neutralised drop by drop with 
strong (5 to 10 N) NaOH, the temperature bang kept below 2® C. As the end pomt 
was ai^roached a drop of bromcresol purple was added and neutralization contmued 
until there was a distinct color change. Final adjustment to pH 6 4 ?ras made with 
1 H NaOH, using the glass electrode, the solution was then made up to 100 cc. with 
water 

For test of the strength of the pyruvate solution, three Warburg vessels were 
required with the faflowing contents, la cc. 



(») 

(J) 

W 

Ham compartment Carboxylase 

0 5 

0 5 

None 

0 25 u phosphate, pH d 4 

0 3 

0 3 

None 

Water 

1 5 

2 0 

2 3 

Side arm pyruvate sohitioo, diluted 1 100 

0 5 

None 

0 5 

Center cup 2 5 n HQ 

0 5 

0 5 

0 5 


After a 10 minute period of equilihration at 30® C the pyruvate was dumped and 
the side arms nosed. Readings were tubm until a constant value for COj evolved 
was obtained this took up to 2 hours or more Ibe aad m the center cup was then 
mixed with the contents of the main compartment and the readings contmued imtil a 
constant value was agam obtained The CO* evolution from decomposition of 
pyruvate was given by the difference of (1) — (2) — (3) If the undduted pyruvate 
solution had been made from pure pyruvic aod and no decomposition had occurred 
during ucutraluation, it should have been 2 u m strength, the value usually obtained 
here was 1.3-1 6 IL 

PriParaiton of Arbaaa Egi Extracts and Thar Assay for Dtpkosphoihiaminc, — Ripe, 
mature eggs of Arhicvi punduJala were obtained at Woods Hole during July August 
and early September 1941 When necessary, they were fertfllred and allowed to 
develop at 20® C accordmg to methods reported m previous papea of this senei 
The volume of the eggs was m every ea se , detenmned on the unfcrtiliied eggs by the 
hematoent method (2700 times gravity for 5 mmutes) Each cubic centimeter of 
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eggs corresponded to approximately 5 X 10“ eggs The diphosphothiamme values 
per cubic centimeter of eggs were converted to a wet weight and a dry weight basis 
using an egg density of 1 09 (13) and an egg sohd content^ of 24 per cent (14) There 
IS 0 1 mg N per mg dry weight (14) 

Diphosphothiamme was determined at three stages in egg development at 20° C 
unfertilized, at 30 minutes after fertilization, by which time the eggs were m the 
sperm aster stage, and at 10 hours after fertilization, by which time the eggs had 
just hatched from their fertilization membranes and become swimmmg blastulae 
In each case the eggs were allowed to develop, with occasional stimng, m a large 
volume of sea water contained in a large crystalhzing dish, this was kept m a water 
thermostat For analysis, the eggs were collected by sharp centnfugmg 

Except where otherwise noted, the extraction fluid was 1 n NaCl, to which an 
appropnate amount of HCl or NaOH was added to give the final desired pH in the 
egg extract Prehminary tests showed that most of the echmochrome could be 
removed, along with the denatured egg protein, if the salt solution was employed 
instead of water Other agents, such as protein precipitants, non-aqueous solvents, 
and thiamme chlonde were added to the extraction fluid as desenbed under “Expen- 
mental results ” In a few instances the eggs, suspended m the extraction fluid, were 
broken up by 1 to 2 mmutes homogemzmg m a Wanng mixer but, smee this procedure 
did not mcrease the yield of diphosphothiamme, it was subsequently abandoned 

The type procedure finally adopted and recommended for the extraction was as 
follows Two 10 cc samples of egg suspension, each contammg about 0 5 gm wet 
eggs, were transferred to IS cc graduated centrifuge tubes, by means of a pipette 
vnth a wide openmg, and packed by centnfugmg gently for 2 mmutes To the first 
sample, 5 cc of extraction fluid were added without stimng up the eggs, and the tube 
placed m a boilmg water bath The fluid and eggs were mixed by means of a small 
stimng rod and the tube left in the water bath with constant mixing for a total of 3 
mmutes The tube was then cooled and centrifuged at 2700 gravity for 3 mmutes 
The supernatant fluid was transferred to another graduated tube A fresh 5 cc of 
extracting fluid were added to the precipitate, the tube kept in the boiling water 
bath for 3 minutes, cooled, and centrifuged as described above The resultmg 
supernatant fluid was mixed with that obtained durmg the first extraction, and the 
combined volumes of extract and precipitate noted If necessary, the extract was 
brought to pH 6 4-6 7 for the test The total volume of extract was taken as the 
sum of the volumes of egg residue, combined egg extracts, and solution added for pH 
adjustment This total volume was usually 10 to 12 cc Control experunents showed 
that a smgle 5 cc or 10 cc extraction was inadequate and that the yield was not 
improved by increasing the number of extractions beyond the second The second 
sample was used for recoveiy of added diphosphothiamme, it was extracted with a 
previously prepared mixture of 5 cc extractmg fluid plus 0 1 cc of a solution con- 
tammg a known amount (usually 1 to 5 micrograms) of added synthetic diphospho- 
thiamme The mixture was added to the packed eggs immediately before transfer 

^ The previously used value of 18 per cent sohds, taken from older work, has smee 
been found to be mcorrect and has therefore been replaced by the higher value here 
employed, which was obtamed for eggs handled m the same manner as the eggs used 
for the present experiments (14) 
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to the boflmg water bath 5 cc. of extnicUng fluid were added to the tube m which 
the ongmal mixture waa prepared, this tube thoroughly rinsed, and the resultmg 
ftolutioii used for the second extraction 

The egg extracts were assayed for diphosphothiamine os follows The main com 
partment of each Warburg received 0 J cc. spht carboxylase, 0.3 cc. Mn solution 

(410 mg MnSOi 4HjO per 100 cc water), 0 S cc egg extract, 0.2 cc 0J25 Ji phosphate 
buficr pH 6 4, and 1 5 cc water The side arm received 0.5 cc 16 m pyruvate. 
The matenala were pipetted Into the tn the order given, and the contents of the 
were mixed thoroughly after each addition The vessels were cquihbrated 
at 30® C. with air as gas phase. After 5 minutes the stopcocks were dosed, and after 
10 mmutes total equilibration the contents of the side arm were dumped and 
readings every 3 minutes for 18 minutes the 3 minute reading waa taken os 
xero time and the rate of gas evolution determined from the slope of the COj evolu 
Uon time curve. 

The amount of diphosphothiamine present m each unknown solution was deter- 
mmed by comparison with a calibration curve obtained with a senes of flasks in which 
the egg extract had been replaced wnth the same volume of an aqueous solution 
containing from 0 1 to 0.5 micro^ram of ^nthetic diphosphothiamine Over a 12 
to 15 min ute period, the COa evolution waa linear with time at concentrations of 
synthetic diphosphothiarmne up to 0 4 to 0 5 microgram per flask Likewise, the rate 
of COs evolution per unit tune ntes linear with respect to diphosphothiamine con 
centration up to 0 4 microgram of synthetic diphosphothiamine per flask, the volume 
of egg extract was adjusted to moke the amount of diphosphothiamine per flank fall 
wi thin this range. Under the oooditioas stated, the average COs evolution (m excess 
of the blank) waa approximately 150 to 200 c mm, per hour per 0 1 mlcrogram of 
synthetic diphosphothiarmne the rate varying somewhat with different split carboxy 
lose preparations but cemainicig constant for a week or more with any single prepaia 
tion A new calibration curve was nm with each fresh spht carboxylase preparation 
and one or two points were checked at frequent mtcrvals Complete analyses m 
duplicate agreed within i:8 per cent From fourteen analyses earned out by the 
final extraction method, the recovery of diphosphothiamine was 92 per cent with a 
standard deviation of 7 9 

The diphosphothiamine standard was a sample of synthetic cocarboxylase from 
Merck and Co , Inc. (lot No 41811) containing 12 64 per cent phosphorus and 11 74 
per cent nitrogen (theory for CuHifOrNiSClP* HaO, 12 96 per cent P and 11 68 
per cent N) Through the kindness of Dr R. A. Peters who provided a sample of 
synthetic cocarboxylase (Merck lot No 32079) which had been found m his laboratory 
to have 60 per cent of the activity of Lohmann and Schuster^s (15) natural cocar 
boxylase from yeast, it was possible to determine the absolute activity of the sample 
here employed. By the above described manometnc teat, sample 41811 had withm 
the limits of experimental error the same activity as sample 32079 thus agreeing in 
activity with the two snmpifa of synthetic cocarboxylase which Weil Malherbe (16) 
compared with the natural substance. On the basis of these results the diphos- 
phothiamine values, as detenmned in terms of sample 41811, were multiplied by 0 6 
to convert them to a natural yeast cocarbojylasc basis, the values given in the text 
and tables are m terms of natural cocaiboiylase and would be 1 67 tunes as large if 
expressed in terms of synthetic sample 41811 
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TABLE I 

Apparent Diphosplwthianwie* Content of Arbaaa £ggs in the Unfertilized Stales {U) and After 
30 Minutes {05 F) and 10 Honrs {10 F) of Development at 20PC , as Determined After 
Extraction of the Eggs at Varmis pH Values tii the Absence of Added Thiamine 
Hydrochloride 


Eip 

No 

Date 

Stage of 
egg de 
veloprocn 

Eitrac 

Uon 

mtlh 

od{ 

pir of ess 
ca tract be 
fore ncu- 
trahzatior 

flet 

weight 

eggs 

used 

Diphos- 
pbothia- 
miae 
found pet 
gm wet 
weight 

Recovery of 
diphosphothu 
mine added to 
test system 

Jieco\cry of di 
pho5phothiaiiuiifi 
carried through 
entire extraction 
process 

Added 

Found 

Added 

Found 






ms 

MS 

MS 

per cen 

f MS 

percent 

21 

7-10-41 

u 

1 

3 0 

990 

1 2 



0 59 

0 

24 

7-14 

u 

1 

3 0 

1770 

0 8 

0 12 

93 

2 2 

80 

26 

7-16 

u 

■1 

3 0 

1430 

1 3 



2 2 

54 



0 5 F 

■1 

3 0 

1430 

1 2 



2 2 

0 



10 F 

1 

3 0 

1430 

1 2 



2 2 

0 

2S 

7-17 

U 

2 

3 0 

1030 

1 1 



2 2 

128 



0 5F 

2 

3 0 

1030 

0 9 



2 2 

82 

29 

7-18 

U 

2 

3 0 

724 

1 6 



2 2 

19 

32 

7-21 

U 

3 

6 0 

1195 

0 6 



2 3 

67 

33 

7-21 

u 

4 

3 0 

1250 

1 0 

0 06 

93 

2 3 

82 

35 

7-22 

u 

5 

6 0 

1210 

2 7 

1 6 

110 

2 3 

94 

35A 

7-22 

V 

6 

3 0 

723 

1 4 

0 06 

90 

2 3 

57 

36 

7-23 

u 

7 

3 0 

873 

0 3 

0 06 

109 

2 3 

61 

38 

7-24 

u 

8 

3 9 

507 

0 6 

0 06 

72 

2 3 

57 

51 

8-6 

u 

9 

5 0 

396 

1 0 

0 06 

98 

2 6 

80 



0 5F 

9 

5 4 

396 

1 1 

0 06 

100 

2 6 

72 



10 F 

9 

5 1 

396 

0 6 

0 06 

100 

2 6 

77 

56 

8-7 

U 

10 

4 0 

298 

0 4 

0 06 

107 

2 6 

82 



0 5F 

10 

4 0 

298 

0 8 



2 6 

65 



10 F 

10 

4 0 

298 

1 3 



2 6 

66 

66 

8-12 

U 

11 

4 8 

560 

0 5 



2 7 

71 



0 5 F 

11 

4 8 

560 

0 4 



2 7 

81 

66A 

8-12 

U 

12 

4 2 

510 

0 7 



2 7 

76 

70 

8-13 

U 

13 

4 9 

336 

0 3 



2 7 

71 



0 5F 

13 

4 9 

536 

0 3 



2 7 

74 


* Referred to natural yeast cocarbosylase as standard. See “Experimental methods and 
materials ” 


JThe extraction methods were as follows 

1 The packed eggs were taken up in 10 to 20 volumes 1 it NaCl which was 0 03 N in HCI, 
homogenized m the Waring mixer for 1 mmute at high speed, heated 5 minutes, cooled, 
brought to pH 6 4, filtered 

2 Same as method (I), except for mclusion of 0 5 mg CaCls 2 H 2 O per cc. of extraction 
flmd, this procedure caused almost complete precipitation of echmochrome from the extracts. 

3 The packed eggs were taken up m 20 volumes distilled water, homogenized m the Wanng 
mixer for 1 mmute at high speed, filtered. 

4 Same as (1) without heatmg 

5 Same as (3), except that, after homogenizmg m the Wanng mixer, the egg brei was 
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EXPERIMZNTAL RESULTS 

JhphoiplwihuiminQ ConUni of Arhacia Eggs — It was found that both the 
naturally present and added diphosphothiamme were very difficult to recover 
quantitatively from either the heated or unheated egg extracts. The results 
of a number of preliminary extraction procedures axe illustrated by the repre- 
sentative data given m Table I, from which it may be seen that the diphospho- 
thiamme values vaned from 0.3 to 1 6 microgroms per gram of wet eggs and 
the recovery of added diphoqihothiamme varied, apparently with no consistent 
relationship to the diphosphofhiamme content of the eggs, from 0 to 90 per cent 

Investigation of the recovery at various stages of the extraction process 
showed that added diphosphothlamme was not lost as a result of the phos- 
phatase activity of the eggs, the degree of acidity used, the heat treatment 
employed, but by becoming bound to the egg residue This is illustrated by 
a typical experiment 

5 identical aliquots of rmfertilixed eggs from the same batch were treated as follows 
The first sample of packed eggs was taban up m 3 volumes of 1 N NaCl containing 
0 03 N HQ, homogenued for 1 minute m a Wanng mixer, heated 5 minutes m a 
boUing water bath, cooled, neutraJiied, and filtered, this was the reference sample 
upon which recovery calculations for the other four samples were based. The second, 
third, fourth and fifth samples were earned through exactly like the first except that 
known amounts of diphosphothlamme were added just before homogenizmg, before 
heating, before filtering, and before test respectively The percentage recovenea 
were, respectively, 80, 72 80, 105 


adfusted to pH 8 with NaOH and afiorred to for 10 mioutes at room tezspentsre, then 
broo^t to pH 6 4 and filtered. 

6 The packed eggi were taken up la 30 volamea 1 u NiD which was 0 03 N m HQ, 
hamogemxed in the mixer for 1 minute at high speed enough cnlgon (caldam hezaioeta. 
phosphate) to give 1 mg per cc was then added the m ixtur e i tiii e d for 10 minutes and 
centdfuged. The supernatant extract was th«i adjusted to pH 6.4. 

7 Same as (6) except that, after the calgon addition the mixture was heated 5 minutes, 
allowed to stand 10 minutes, then centrifuged and >h^ inpeznatant brmight to pTT 6.4, 

8, Same as (1) except that extraction was made with 1 u NaQ which was 0 005 if In HCL 

9 The packed eggs were taken up in 5 cc. 1 ic NaQ whkh was a005 n In HO, heated 3 
minutes, cooled, centnfuged the supernatant ilquM was transferred to another tube . This 
extraction was repeated with another 5 cc. of the same extraction fluid, the supernatant 
extracts combined, broo^t to pH 6.4 filtered. 

la Some as (9) except that first extradko was made with 1 if NaQ which was OUXB 
NinHO, 

11 Some os (9) except that first extraction was made with 1 ir NaCl which was aOOS n 
in HG, the secoed with 1 it NaQ ODOS jf Jn Hd 

12 Same as (9) except that both citractiotis were made with 1 ii NaCl which was 0J15 

u In acetate and 0 05 it in HCL 

13 Same as (9) except that each extraction was made at 70*C. for 5 mmutea Instead of In a 
boning water bath for 3 minuter 
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Thus, there was essentially complete recovery at every stage except the 
filtration, where the diphosphothiamme was subject to no loss except by bmding 
to the egg residue or to the sodium tungstate-precipitable material left m the 
heated egg extracts Use of calgon (calcium hexametaphosphate) as a pre- 
cipitating agent was unsuccessful, as was removal of protem material by warm 
50 per cent acetone, reduction of the amount of diphosphothiamme added for 
recovery and variation m egg extraction fluid ratio also failed to give bgher 
recoveries (Table I) It was later found that recoveries ranging from 80 to 104 
per cent (the average was 92 per cent with a standard deviation of 7 9) could 
be obtained by a combmation of two procedures (a) addition of 40 micrograms 
per cc of thiamine hydrochloride (t e vitamin Bi hydrochloride or thiamm 
chloride) to the extraction fluid, and (b) adjustment of the extraction pH to 
a value of 6 3-fl 7 , neither procedure was effective when used separately 

The use of thiamine hydrochloride was suggested by the observation of 
Ochoa and Peters (8), confirmed by Westenbrink and coworkers (17), that 
thiarmne hydrochloride could stimulate the activity of a relatively crude 
yeast carboxylase preparation Though this effect was attributed by these 
aulhors to inhibition of phosphatase activity, it seemed possible, m view of the 
fact that the added diphosphothiamme was m contact with the unheated eggs 
for only a few seconds at most, that the thiamine hydrochloride might produce 
this effect m the egg extracts by displacmg diphosphothiamme from linkages to 
catalytically mactive protem, thus enabhng the diphosphothiamme to combme 
with the catalyticaUy active protein to enhance the overall activity of the 
decarboxylatmg enzyme 

With this possibihty m mmd, the effect of thiamme hydrochloride on the 
effectiveness of diphosphothiamme extraction from the eggs and on the activity 
of egg extracts was tested A typical experiment is summarized m Table n 
It was found (a) that thiamme hydrochloride did not stimulate the activity 
of the present samples of spht carboxylase when these were supphed with pure 
diphosphothiamme, (5) that the catalytic activity of a given amount of diphos- 
phothiamme in the egg extracts could be greatly enhanced by mclusion of a small 
concentration of thiamme hydrochloride m the manometric assay system, this 
effect reachmg a maximum at about 5 to 10 micrograms per flask (i e , 1 6 to 
3 2 micrograms per cc of assay system), [c) that addition of thiamme hydro- 
chloride directly to the extraction flmd before its addition to the eggs also m- 
creased the amount of diphosphothiamme found m the assay, and id) that the 
effect of adding 40 micrograms of thiamme hydrochloride to each cubic centi- 
meter of extract was the same, regardless of whether the addition was made to 
the original extraction fluid or to the system directly before assay of the extract 
These observations appear to cast some hght on the variable diphosphothiamme 
values obtamed by the methods summarized m Table I, smce they mdicate 
that the amount of diphosphothiamme found by assay m a given egg sample 
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depends on the amount of free (non phosphorylated) thiamine also present. 
Preliminary analyses by the thiochrome method (18) mdicatcd that the eggs 
contam about one-tenth to one-half as much free thiajmng as diphosphothi- 
amine, the ratio varying with individual egg samples, this would provide 
amounts of thiamme hydrochloride ranging up to a few tenths of a microgram 
per flask. Such amounts of thiamme, if present m certam extracts and absent 
in others, might cause considerable variation m apparent yields of diphospho- 


TABLE n 

of Tkiamitu EydncUoridi on CofhoxyUist Actmty cf Td System Pomed from SplU 
CerhexyUso and Artada Eu Ertraei^ 


COt troiatioa per IT fpfa<- per 2J cc. tot >yi Xc a coaUialBf i 


Thtpntaa bT<lr^ 
adoed to 
tot ^tem 


m Po 3 Jet. 
0 
1 
2 
5 
20 
40 


QJ ec. Extntet 1 


< ML. 

51 

&5 

89 

W 

98 

99 


OJ ec. Extract 2 


e. mm. 

95 

127 

IGO 

140 

140 

140 


Cti cc. Extract J 


101 

101 

105 

96 

100 

100 


OJ cc, Brtract 4 


e mu. 

141 

151 

144 

153 

143 

144 


* Extnet 1 490 mg pad:ed eggi were taken up In 5 cc. i u NaQ which waa 0.003 N In 
NaOH, heated 3 minutes, cooled, centtifoged the supernatant liquid was trenifecred to 
u nftthgr tube. Thb ertmetioo waa repeated with anxither 5 cc. d the extraction 
the supematant extracts w er e combined (pH giving a total volume ot 9 7 cc. Of thti 
0.5 cc. was put Into each test haik and ran as described under ‘Expeiunental methods* 

Extract 2 Same as extract 1 except that 2..43 mltrograma of ayntheric diplwphntlitaminfi 
(equivalent to 1 40 miovgrams natural cocarboxrlase) were aAriwi to the £nt 5 cc. portion of 
extraction fluid. 

Extract 3 Same as extract 1, except that the extraction flnid rrmtxm^d 40 mirmgrmrM of 
tHxTTiTn chloride per cc 

Extract 4 Same as extract 2, except that the grtrai-tVin Sold mntmifwi 40 mirr n grxmx 

of per CC 


thmminr- by the manometnc method m the absence of added thiamme hydro- 
chloride. 

The results of a number of analyses for Hiphfw pbn tbin^mtn Pj immg 40 micro- 
grama of thiamme hydrochloride per cc. of extraction fluid, are given m Table 
HX This method of extraction, when carried out between pH 2 and pH 6, 
gave consistent values for the diphosphothiamine content of the eggs, but low 
rccovcncs. Only when the extraction m the presence of added tbinjmnft hydro- 
chloride was earned out at pH 6 to pH 7 were recovenes of 80 to 100 per cent 
consistently achieved. Extraction at hlghpf pH values, like those previously 
mentioned at low pH, gave lower values for absolute diphosphothiamme con 
tent and lower recoveries 
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It was also found (Table HI) that the apparent diphosphothiamme content 
of the eggs was highest m the unfertilized eggs, somewhat smaller at 30 minutes 
after fertilization, and still smaller at 10 hours after fertilization Whether 
this decrease was due to a loss of diphosphothiamme durmg the development 
of the eggs, to a progressively tighter binding and less complete extraction of 
the diphosphothiamme of the eggs, or to other causes, cannot be determined 
from the present data 

Preliminary Experiments on Pyruvate Utilization by Arbacia Eggs and Egg 
Extracts — ^While the present experunents were in progress, it was reported by 
Barron and Goldmger (19), using a colorimetric method for pyruvate deter- 
mmation, that both fertdized and unfertilized Arbacia eggs could use pyruvate, 
the rates of pyruvate disposal by fertilized and unfertilized eggs bemg 354 
rmcrograms and 70 micrograms per hour per gm dry weight, respectively 
They also found eggs of Arbacia to contam about 850 micrograms of p)mivic 
acid per gm dry weight and 2 72 micrograms of diphosphothiamme per cc of 
packed eggs 

In the course of the work here described, two sets of observations bearmg on 
the use of pyruvate have been made Though these experiments were mtended 
to be purely preliminary, they are reported here because an opportumty to 
extend and complete them may not be available for a considerable time 

1 Parallel samples of egg cytolysate, obtamed by nuxmg 1 volume of packed 
eggs with 3 volumes of water, were shaken without or with added pyruvate for 
2 hours at 20°C m Warburg vessels The pyruvate present at zero time and 
after 2 hours was determmed by the carboxylase method as described above ^ 
Each experiment was run in duphcate or triphcate Control experiments gave 
99 per cent recovery of added pyruvic acid by this method Though the re- 
sults, because of the small changes m pyruvate and the limited number of 
experiments, must be regarded as only suggestive, two pomts were mdicated 

In the first place, from six experiments on pyruvate utilization under aerobic 
conditions (Table IV) cytolysates from 30 mmute fertilized eggs used, on the 
average, about 310 micrograms p3Txivate per gm dry weight per hour (1 7 X 
10~® moles or 75 rmcrograms per gm wet weight), while cytolysates from un- 
fertilized eggs used about 160 nucrograms pyruvate per hour per gm dry 
weight (0 87 X 10~® moles or 38 micrograms per gm wet weight) These 
results tend, therefore, to confirm m prmciple the experiments of Barron and 

3 All CO 2 obtamed as the result of addmg carboxylase is here calculated as pyruvic 
aad, though carboxylase can (9) hberate CO 2 , at a rate much smaller than from 
pyruvic acid, from other possible mtermediary metabohtes such as oxalacetic and 
a-ketoglutanc aads At the first opportumty it is proposed to employ both the 
colonmetnc pyruvate method and the carboxylase method for analysis of the eggs 
This may give some mdication of the extent to which a-keto acids other than pymvic 
contnbute to the values here obtamed 



TABLE m 

Afp^irati DipicspboOfumpu* CcnltrU of Arhada Eip tn Iko Un/friiJced StaU (0) and ofltr 
30 Utnuia if) 5 F) and 10 Bouts (20 F) of Doodopmtni at ZiT C^<u DoUnmatd afltr 
Estradum cf tie Eus at Various pH Values w* tJu Frtstnco of 40 llterop'ams per Cc 
TktamUu EydrocUorido Added to the Exiradion Fluid 
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Goldmger It may be calculated, without intending further unphcations, 
that the observed rates of pyruvate disposal, if expressed as complete oxidation 
to CO2 and water, would be enough to account for approximately one-thnd 

TABLE IV 


Change tn thi. Pyruvate Content of the Cytolysate from 0 5 Cc Arbacta Eggs during Incubation 
under Aerobic or Anaerobic Conditions for 2 Hours at 20° C 


Eip No 

Cytolysate from 
unfertUued (U) 
or 30 miD (F) 
fertilued eggs 

Without (— ) 
or with (+) 
0 005 u added 
pyruvate 

Gas phase 
durmg m 
cubauon 

COi liberated by corboi 
ylase from pyruvate in 
egg cytolysate 

Change m pyruvate con 
tent of egg cytolysate 
during incubation 

Before 

incubation 

After 2 hrs 
incubaUon 

COi 

equivalent 

Pyruvate 
per hr per 
wet gm of 
eggs 





c mm 

c mm 

c mm 

molef per 

1 

127 

U 

-f- 

Air 

193 

188 

-5 

-0 2 


F 

-f 

Air 

211 

184 

-27 

-1 2 

128 

U 

-h 

Air 

212 

206 

-6 

-0 3 


F 

-f 

Air 

238 

204 

-34 

-1 5 

131 

U 

-b 

Air 

250 

227 

-23 

-1 0 


F 

-f- 

Air 

287 

221 

-66 

-2 9 

132 

U 

I -j- 

Air 

218 

194 

-24 

-1 1 


F 

+ 

Air 

231 

210 

-21 

-0 9 

141 

U 

— 

Air 

31 

0 

-31 

-1 4 


F 

— 

Air 

42 

1 0 

1 -42 

-1 9 


U 


Air 

193 

144 

-49 

-2 2 


F 

+ 

Air 

198 

159 

-39 

' -1 7 

133 

U 


N 2 * 

245 

221 

-24 

-1 1 


U 

-f 

Air 

245 

211 

-34 

-1 5 

135 

F 

+ 

N 2 

270 

300 

+30 

+1 3 


F 

-h 

Air 

270 

245 

-25 

-1 1 

136 

F 

— 

N 2 

83 

120 

+37 

+1 6 


F 

— 

Air 

83 

38 

-45 

-2 0 


F 

-b 

N 2 

298 

285 

-13 

-0 6 


F 

-b 

Air 

298 

264 

-34 

-1 5 

143 

F 

+ 

Air 

244 

238 

-6 

-0 3 


FJ 

+ 

Air 

244 

228 

-16 

-0 7 


* The nitrogen T\as purified by passage through a 20 inch column of freshly reduced copper 


turnings 

f This sample contamed 20 micrograms of added synthetic diphosphoth i a m i n e (equivalent 
to 12 micrograms natural cocarboxylase) per cc 

of the respiration of the fertilized egg and all of the respu-ation m the unfer- 
tilized egg 

In the second place, the net rate of pyruvate disappearance, both with the 
cytolysate from unfertilized and the cytolysate from fertilized eggs, was 
greater under aerobic than under anaerobic conditions In two samples of 
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cytolysatc from fertilized eggs, pyruvate appeared to be formed under anaero- 
bic conditions, 

2 Unfertilized or fertibzcd ^gs, suspended as 50 per cent suspensions in sea 
water buffered at pH 8 0 with 0 05 m glycylglycine buffer, were meubated 
aerobically for 2 hours at 20®C , the fertilized samples being started at 30 
minutes after fertilization- Under these conditions, with adequate shaking 
in the Warburg bath, the fertilized eggs developed at the same rate as m dilute 
suspension, 90 to 100 per cent being found In the 8-cell stage ready to proceed 
to the Id-cell stage at the end of the mcubation penod Dupheate samples 
of eggs were cytolyzed by addmg an equal volume of distilled water at zero 
time. The total pyruvate m the eggs and their suspension medium was de 
termmed by the carboxylase method Parallel dupheate samples were sub- 
jected to the same treatment at the end of the 2 hour mcubation penod In 
two experiments, with 0 005 u sodium pyruvate present m the suspension 
medium, the results indicated a net formation of products decomposed to COi 
by carboxylase The average of two determinations, each m dupheate, on 
unfertilized eggs was 1 0 X 10^ moles pyruvate* formed per gm- wet eggs per 
hour, the correspondmg value for the fertilized eggs, was 1 1 X 10^ moles 
per gm wet eggs per hour 

DiscassiON 

The data on recovery of added diphosphothiamme, presented above in 
Tables I and m, provide an mterestmg commentary on the value of recovery 
data in assessing the validity of analyses for various cellular constituents. 
These experiments show very dearly that, though mcomplcte recovenes are, 
m some instances, cause for rejection of analyses, complete recovenes cannot 
be accepted as proof that all of the substance sought is actually extracted from 
the biological material in which it naturally occurs. It should be stated, there- 
fore, that, m spite of the constancy of analytical values obtained with various 
samples of eggs and the virtually complete recovery of added diphosphothi- 
amine,* the present estimate of the absolute amount of this substance m 
Arhac\a eggs may be subject to upward revision if more cffecta\e extraction 
methods should be developed subsequently 

Whatever the absolute diphosphothiamine content of Arixicxa eggs may 
ultimately prove to be, the present experiments show quite condusively that 
the amount of this substance m the eggs is comparable with that m other 
animnl tissucs. This suggests that diphosphothiamine, and the processes 
catalyzed by it, may play a prominent r6Ie m the aerobic metabolism of the 
eggs Two further lines of evidence are available to support this suggestion. 

First, as reported by Barron and Goldmger (19) and confirmed by the 

* The tame reservations are ipphcable to the dipho^hopyndfnc nudeotide data 
to be presented m the foIlowiDg paper (20) 
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preliminary evperiments presented m this paper, the eggs have a mechanism 
for metabohzing pyruvic acid, this disposal of pyruvic acid depends, m some 
degree at least, on the presence of oxygen, being apparently somewhat more 
rapid under aerobic than under anaerobic conditions 

Secondly, as is shown in another paper of this series (14), the eggs can obtam 
energy for development either by oxidation of carbohydrate or by oxidative 
deamination, m either case, adequate precursors for formation of pyruvic and 
other a-ketonic acids are available Indeed, it has been found m the present 
experiments that developmg Arbacia eggs can, under certain conditions, ap- 
parently form pyruvic acid Detailed elucidation of the processes of pyruvic 
acid formation and disposal — as well as the relation of diphosphothiamme, 
suitable phosphate acceptors, and other factors to these processes — requires 
further experiment 

The authors wish to thank Dr R A Peters for providing a reference sample 
of cocarboxylase They also wish to thank Miss A K Keltch for performmg 
the thiamine analyses referred to above, and Mr L A Baker for assistance m 
preparing the eggs for analysis 


SUMMARY 

1 Methods suitable for the determination of diphosphothiamme (cocar- 
boxylase) m eggs of Arbacta pwiclnlala have been developed Quantitative 
extraction of the cocarboxylase was effected by combmmg the use of thiarmne 
hydrochloride m the extraction fluid with critical adjustment of the pH of 
extraction to pH 6 3-6 7 

2 The unfertihzed eggs were found to contam the eqmvalent of 2 to 3 
micrograms of natural yeast cocarboxylase per gm of wet eggs, the cocarbosyl- 
ase content of the 30 minute and 10 hour fertilized eggs was somewhat less 
(Table HI) 

3 In preliminary experiments, Arbacia egg cytolysates were found to cause 
pyruvic acid to disappear The rate of such disappearance was apparently 
greater under aerobic than under anaerobic conditions, it was also greater for 
cytolysates from fertihzed eggs than for cytolysates from unfertilized eggs 
(Table IV) 
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STUBIES ON CELL KETABOLISM AND CELL DIVISION 

VTTT. The DiPHosPHOP'ffliDiNE Nucleotide (ComiASE) Content of 
Eggs op Aebacia. Punctuijma 

By BERNHAJRD J JANDORF and M E. KRAHL 
iPrcm ike Ldly Raurch I^abonicrus Indtanapdis, Indiana, and tha Manna BwUtgtcal 
Laboraiory, Woods Hols, Massachuseiis) 

(Recdved for pubhcatiOD, Febraary 18 1942) 

This paper deals with the occurrence of diphosphopyndine nucleotide in 
Arbacia eggs. This substance acts as a coenzyme m numerous aerobic and 
anaerobic metabohc processes (see references 1 and 2 for summanes of its 
functions) It has also been shown to be mvolved in at least one type of onda 
tive energy transfer, namely, the coupling of phosphorylation with oxidation 
of tnosephosphate (3-5) It was therefore of interest to find, in the course of 
a systematic survey of possible energy yielding processes m Arbccta eggs, that 
the diphosphopyndine nucleotide content of these eggs, 250-500 micrograms 
per gram wet weight, is comparable with that of other animal tissues and of 
certain yeasts (6-8) 

Exptnmenlal MeUtods and MaUnals 

Preparalion oj Arhaaa E%i Extracts and Tknr Assay for IHpkospkopyndine 
NucUedids. — Eggi of Arftaaa punduJaia were obtained at Woods Hole duimg July, 
August, and early September, 1941 They were handled, and the results expressed, 
exactly as described in the previous paper (9) The type procedure for extraction of 
the diphosphopyndine nucleotide was the same as for dipbosphothiamme with the 
modificatkms shown in the footnotes to Table I of the present paper The total 
volume of the egg extract was taken as the sum of the volume of the combmed super 
natant fluids after centrifuging off the egg residue, and the volume of fluid added for 
pH adjustment, omtiol expenments Indicated that the amount of diphosphopyndme 
nudeotide left m the egg retidue after the second extraction could be disregarded. 
For each determination two samploi of eggs from the same batch were run, one sample 
was used to determine the diphosphopyndine nudeotide content of the eggs 
selves, the other was used for recovery of added diphosphopytidine nucleotide by the 
procedure as previously described for dipbosphothiamme (9) 

The extracts were assayed for diphosphopyildme nucleotide by the method of 
Jtndorf , Klemperer, and Hastings (10), which depends upon the enzymatic convetaion 
of hcioscdiphosphate mto phoqihoglycenc and ^yeerophosphone adds Tinder condi 
tions such that the rate of conversion is prcportional to the concentration of diphos- 
phopyndme nudeotide present. The amount of acid produced m a given rinip is 
measured manomctricaDy by following the COs hberated from a bicarbonate buffer 
In the present experiments, the mam compartment of each Warburg »d ^ 
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TABLE I 


Dtphosplwpyridme Nitckoitde Content of Arbacta Eggs vt the Unfertthzed State {V) 
and after 30 Minutes (0 5 F) and JO Hours (10 P) of Heveloptnent at 20= C 


Eip No 

Date 

Stage of 
egg develop 
dent 

Extrac- 

tioa 

method* 

pH of egg 
extiact Be- 
fore neu- 
tralizatioD 

• Wet weighl 
eggs used 

Diphospho 
pyridine 
t nucleotide 
found per 
gm tret 
weight 

Recovery 
pyridm 
earned t 
eitrad 

Added 

of diphospho 
e nucleotide 
hiough enure 
tion process 

Found 






ms 

ns 

ns 

#er ceul 

42 

7-28-41 

u 

1 

4 6 

362 

255 

59 

22t 



0 5F 

1 

4 6 

362 

279 

59 

6lt 



10 F 

1 

4 4 

362 

282 

59 

301 

49 

8-4 

V 

1 

5 0 

422 

416 

59 

95 



0 5F 

1 

5 2 

422 

364 

59 

100 



10 F 

1 

4 9 

422 

248 

59 

85 

55 

8-7 

U 

1 

4 1 

336 

412 

81 

106 



0 5F 

1 

4 0 

336 

372 

SI 

92 



10 F 

1 

3 7 

336 

289 



60 

8-9 

U 

1 

5 2 

870 

417 

75 

100 

I 


0 5F 

1 

5 3 

870 

365 

75 

94 

1 


10 F 

1 

5 2 

870 

285 

75 

93 

67 

8-13 1 

U 

2 

4 8 

560 

446 

99 

93 



0 5F 

2 

4 8 

560 

294 

99 

97 

67A 

1 8-13 

1 U 

3 

4 2 

510 

317 

99 

85 

71 

8-13 

V i 

4 

4 9 

536 

390 

75 

91 


1 

0 SF ‘ 

4 

4 9 

536 

388 

75 

90 


1 

U 

5 

4 9 

536 

308 

75 

77 

75 

8-14 

U 

1 6 


453 

329 

83 

90 

78 

8-15 

U 

7 

3 8 

274 

453 

38 

108 



u 

I 8 

8 2 

274 

352 

38 

I 0 



0 5F 

: 7 

4 1 j 

274 

274 

38 

105 



0 5F 

8 

7 4 

1 274 

358 

38 

58 



10 F 

7 

! 3 7 

274 

170 

38 

102 



10 F 

8 

; 8 7 

274 

217 



84 

8-18 

U 

mm 

2 2 

554 

392 

122 

90 



V 

■■ 

12 

554 

134 





0 5F 

9 

2 3 

554 

284 

122 

97 



0 5F 


12 

554 

101 





10 F 

9 

2 1 

554 

294 

122 

99 



10 F 


12 

554 

193 



88 

8-20 

U 

9 

2 2 

575 

360 

122 

91 



U 


12 

575 

102 





0 5F 

9 

2 3 

575 

267 

122 

94 



0 5F 


12 

575 

123 





10 F 

9 

2 1 

575 

236 

122 

100 

101 

8-29 

U 

9 

1 8 

360 

184 

72 

99 



U 


12 

360 

68 





0 5F 

9 

1 8 

360 

188 

72 

106 



0 5F 


12 

360 

53 





10 F 

9 

1 8 

360 

186 

72 

104 



10 F 

10 

12 

360 

45 
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TABLE l—Co*dudtd 



L The packed egg* were Uken up in 5 cc. 1 ic NaCl 'wioch 0 005 N In HCH, halted 
3 minutes In a boiling water bath, cooled, centrifuged the nipemntant liquid was tianifeiTed 
to another tube This extraction wa* repeated witii another 5 cc. of the *aiae extraction fluid, 
the fapomatant crtracta combined, brought to pH 6 4 filtered. 

2. Same as (1) except that the first extraction was mode with 1 u KaCl which was 0 OOS 
H in HCl, the teemd with 1 u NaG OJKIS n in HG. 

3 Some as (1) except that both extractions were mode with 1 u NaG which was 0.05 il 
in todlnm acetate and 0B5 v b EG. 

4. Same as (1) except that both extractions were made at 70d: 1 G for 5 mbutes 
of b a boilmg water bath for 3 mmutea. 

5 Same as (4) except that CaGj 2HjO to gjve OHS nig per cc. was added to the com- 
bined extracts. The pH was then brought to pH 7 ^ and the preapitoted echbochrome 
filtered ofi. 

6 The packed eggs were extracted twice b a water bath at 50± 1 G with S cc. of OXOS M 
HG b 50 per cent acetone. After centnfugbg off the precipitated material, the combined 
sopernatant sobtioos were approximately neutralised. After standing b the cold for 30 
min utes, a heavy brown precipitate had fonned this was centrifuged off and rflfimrHwl, The 
supernatant wa* aerated for 30 mbute* at 45-50* G which reduced the volume to 5 J cc. 
The solutions were brought to 10 0 cc. with 2 u NoQ adjusted to pH 6-5-fi.6 centrifuged to 
remove a little more echbochroioe. 

7 Same os (1) except that both extracts were made with 2.5 cc. 1 U NaG which was 
0.01 H b HG. 

8. Some as (1) except that both extract* were made with cc. 1 sc NaG which was 
0i)l M b NaOH. 

9 Same as (1) except that both extracts were made with 1 ii NaG which was 0 03 S 

bHO. 

10. Same as (1) except that both extracts were made with 1 u NaG which was Ism 
NaOH. 

X In these samples, the added diphosphopyridbe nucleotide was allowed to b con 
tact with the packed eggs before addition of extraction fluid the low recoveries suggest that 
the unheated whole eggs have, in these three samples, caused comn breskdowu of the diphos- 
phopyridlne nudeobde. Accordingly b subsequent experiments the dlphosphopyridme 
was added with the extraction flnld and the mixture then brocgjit to the of 

bofEng water bath within a few seconds after the addition. 
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0 4 cc NaHCOa (0 154 m, saturated with 5 per cent COa 95 per cent Na), 0 6 cc 
of sodium hexosediphosphate (approximately 0 016 m), 0 3 cc of NaaHAsO^ (0 003 
m), and 1 0 cc of muscle extract, equivalent to 30 mg of the muscle acetone powder 
The egg extracts to be tested (0 02 to 0 1 cc contammg 1 to 4 micrograms diphos- 
phop3Tndme nucleotide) were mtroduced mto the side arm with a micro pipette, and 
water was added to the mam compartment to make a total hquid volume of 3 0 cc 
The manometers were filled m the bath with 5 per cent COa 95 per cent Na and 
equihbrated for a total of 15 mmutes at 38°C The contents of the mam vessel and 
the side arm were mixed, 5 mmutes were allowed to elapse for restoration of equili- 
bnum, and manometer readmgs were then taken at 5 mmute mtervals for 30 mmutes 
The rate of gas evolution was determmed from the slope of the CO3 evoIution-tune 
curve 

The amount of diphosphopyndme nucleotide present m each unknown sample was 
determmed by companson with a calibration curve obtamed with a senes of flasks 
m which the egg extract had been replaced with the same volume of an aqueous solu- 
tion contammg from 1 to 5 micrograms of diphosphopyndme nucleotide Under the 
present experimental conditions the average COa evolution (m excess of the blank) 
was approximately 25 c mm per hour per microgram of the workmg standard sample 
of diphosphopjnndme nucleotide, the rate varymg somewhat with different muscle 
extract preparations, but remammg constant for more than a week with any given 
preparation Owmg to lack of suitable equipment for shakmg the muscle extract 
durmg removal, by charcoal, of the diphosphopyndme nucleotide mitially present 
m the acetone powder, the blank values were larger than those observed by Jandorf, 
Edemperer, and Hastmgs, bemg here approximately 15-17 cmm per hour per 
manometnc flask Cahbration curves were run frequently, usually with each deter- 
mmation, usmg a freshly diluted diphosphopyndme nucleotide solution as reference 

The diphosphopyndme nucleotide workmg standard was prepared from yeast by 
the method of Jandorf (11) It had a punty of 51 ±2 per cent, as determined by 
companson, m the manometnc system, with a reference sample of diphosphopyndme 
nucleotide which had been shown to have a punty of 92 per cent on the basis of di- 
thiomte reduction and ultraviolet absorption 

From thirty-three analyses earned out for oxidized diphosphopyndme nucleotide, 
the recovery of diphosphopyndme nucleotide was 96 per cent with a standard devia- 
tion of 6 9 


EXPERIMENTAL RESULTS 

Dtphosphopyridtiie Nucleotide Content of Afbaaa Eggs — In contrast to the 
results reported for diphosphothiamme m the previous paper, it was found that 
both the naturally present and the added diphosphopyndme nucleotide were 
relatively easy to recover quantitatively The results obtamed with a num- 
ber of extraction procedures are given m Table I With the exception of one 
experiment (No 42) where a relatively concentrated solution of the diphospho- 
pyridme nucleotide was allowed to stand m contact with the packed eggs for 
some mmutes before addition of extraction fluid and heating, the recoveries 
with acid extraction fluids were satisfactory 

Very early m the analyses it was observed that the apparent diphospho- 
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pyndine nucleotide content of the egg3 tended to drop somewhat by 30 mmutes 
after fertihration and still more by the 10th hour after fertilization It seemed 
possible that this apparent decrease might be due to conversion, m the course 
of the egg development, of a part of the ondizcd diphosphopyndme nucleotide 
to the dihydro form which would be destroyed during oad extraction (6) 

To teat this possibihty, a number of parallel extractions were made, extract 
mg at pH 2 to obtain only the oxidized form, and at pH 12 to obtain only the 
reduced form- Confirming Euler and coworkcrs (6), the oxidized diphospho- 
pyndme nucleotide was rapidly destroyed m alkalmft extraction fluids (No 
78, Table I), indicaUng that any activity recovered at pH 8 or above was 
associated only with the reduced form of the diphosphopyndme nucleotide 
These experiments mdicatcd that (a) the eggs have approximately 25-40 per 
cent of their total diphosphopyndme nucleotide m the reduced state, (5) the 
ratio of the reduod form to the total docs not vary substantially during the 
first 10 hours of development, and (c) the value for total diphosphopyndme 
nucleotide as estimated from the sum of the separate values for oxidized and 
reduced forms is equal to or somewhat greater than that obtained by simul 
taneous extraction of both forms at a single pH m the range between pH 
3 J and pH 8 

AUtmpU to DemenstreUe TnosephosphaU and Gluiamic Dehydrogenasts tn the 
Arbacia Egg — Diphosphopyndme nucleotide is a component of both the 
tnosephosphate (5) and ^e glutamic aad (12) dehydrogenase systems of 
nnimn.1 tissues. Smcs fertilized Arbaaa eggs can apparently consume both 
carbohydrate and riminn aads durmg their early development (13), it would 
be of mterest to know whether the eggs contam these two enzymes. 

There are reasons for bdieving that tnosephosphate ddiydrogcnasc might not 
be detected mArbacui egg cytolysates, even if the enzyme is present m the mtact 
egg In the first place, Rapkme (14) has shown that the activity of tnose 
phosphate dehydrogenase from certam animal tissues is lost when the sulfhydryl 
groups of the enzymatically active protein are oxidized In the second place, 
a number of naphthoquinones closely related to echmochrome have been found 
(15) to be excellent catalysts for oxidation of sulfhydryl groups. Thus, the 
echmochrome liberated from the pigment granules during cytolysis might 
senously disturb tests for tnosephosphate dehydrogenase and other enzyme 
systems m which activity is dependent on the presence of sulfhydryl groups m 
the reduced state, 

Smee the time and the egg supply required for a thorough investigation of 
this problem were not available at the end of the 1941 season, prehmmary tests 
for tiiosedehydrogenasc were earned out, at 20°C , on egg cytolysates m a sys- 
tem analogous to that employed m the diphosphopyndme nucleotide assay 
system and also by the femeyamde method (16) Egg cytolysates equivalent 
to 500 mg wet eggs were used m both cases Tests of both types were negative, 
as were tests for glutamic aad dehydrogenase by the fcrricyamde method 
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It IS proposed to continue the search for tnosedehydrogenase in the echmo- 
chrome-free Arhacia egg fractions employed durmg the season of 1941 by Hut- 
chens, Kopac, and Krahl (17) for cytochrome oxidase determmations by the 
Cartesian diver method and, at the same tune, to explore the possibihty that 
control of the state of oxidation of sulfhydryl groups m certain enzymatically 
active protems may provide one physiological function for echmochrome 

The authors are mdebted to Mr L A Baker for his assistance m prepanng 
the eggs for analysis 

SUMMARY 

1 The diphosphop)Tidme nucleotide content of Arhacia eggs has been 
measured manometrically and found to be approximately 250-500 micrograms 
per gm wet weight of eggs, the value varjong with mdividual egg samples and 
with the state of development of the eggs Of the total diphosphop 3 T:idme 
nucleotide present, approximately 25-40 per cent is m an alkah-stable, pre- 
sumably the dihydro, form 

2 Tests for triosephosphate and glutamic acid dehydrogenases carried out 
on Arhacia egg cytolysates were negative 
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THE CHLOROPHYEL-PROTEIN COMPLEX 

I ELECTROPHOaETlC PROPERTIES AND ISOELECTRIC POINT*t 
By MYER FISHMAN amd LATOENCE S MOYER 
{From Ihe Dimio» oj AsncuUurol BiocJutmsiry and ihc D^partiiunt of Boiany, The 
UmversUy of Mtnnaola, St Paul and Minneapolis) 

(Received for pubhcatloD, March 20, 1942) 

Although the chemical conatitutioa and the physical properties of chlorophyll 
arc well known, it is becoming mcreasmgly clear that its behavior may be 
greatly modified through its attachment m the plant cell to a protem, which 
exists as a bearer The notioa of a chlorophyli-protem complex is not a new 
one Beginnmg m 18&4, with the suggestion of Reinkc (1) that chlorophyll 
mi^t exist m the form of a chlorophyll protem complex very similar to hemo- 
globin, many authors (2-16) have from time to tune supported the idea and, 
m some cases, have presented analytical evidence for its occurrence (10-12, 
14, 16, 17) Some of this evidence was obtamed with isolated chloroplasts 
(lb 17) In addition, French (17 a) has mvestigated the pigment protein 
complex from bacteria. 

Until recently, methods for the isolation of the pigment protem complex 
have been rather unsatisfactory While a number of workers (S, 10-lS) 
have indicated that it is possible to extract a protem, only Stoll and Wiedemann 
(12), Menke (10), and Smith (14) have been able to punfy their preparations 
by fractionation with ammonium sulfate In particular, Menke (10) has 
pomted out that he was able to separate the chlorophyll protem complex 
from the cytoplasmic proteins. 

Although it seems probable from nitrogen analyses behavior with am 
mnninm sulfate, and sedimentation studies (18) that the chlorophyll is actually 
attached to or bound with a protem mto some sort of complex, it 
desirable to obtain more mfonnation concerning the electrophoretic behavior 
of the complex m as unaltered a state as possible It was particularly desirable 
to consider at least two unrelated species of plants Such an mvestigation, 
aside from yicldmg information concemmg the protem nature of the complex, 
should help explam the unusual behavior of the protem at various values of 
pH In addition it should mdicate whether the protem complex is the same 
or differs from speaes to speaes 

In 1912, Hcrhtzka (19) subjected the press juice of leaves to electrophoresis 

* A prelinunaiy note has already appeared (26) 

t This work was supported m part, by a grant made to one of us (L, S M ) by 
the Graduate School of the Unrversity of Minnesota. 
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and noticed its migration to the anode Later, Bakker (20) found that aqueous 
suspensions of chlorophyll, precipitated from acetone solutions and free from 
protem, were negatively charged but became positive on exposure to hght for 
several hours Katz and Wassink (21) reported that green aqueous extracts 
prepared from CJilorella, were negative at concentrations of HCl up to 0 001 n, 
ceased movement m 0 002 n HCl, and reversed m duection at shghtly higher 
concentrations Neish (17) observed that chloroplasts isolated from Tn- 
fohum, although negative m distilled water, were isoelectric at about pH 3 7 
Shafer also reported that aqueous chlorophyll suspensions were negative, but 
the conditions were not clearly described Aside from these brief reports, 
there has been no thorough mvestigation of the electrophoretic behavior of the 
chlorophyll-protem complex Although much of the evidence m the hterature 
was obtamed by usmg isolated chloroplasts, the results to be reported here 
were obtamed with highly purified preparations of the chlorophyll-protem 
complex 


Methods 

Preparation of the Complex — Suspensions of the chlorophyll-protem complex were 
prepared by a modification of the methods of Menke (10) and Stoll and Wiedemann 
(12) Leaves of both Aspidistra elalior Blume and Phaseolus vulgaris L (var white 
navy) were used The leaves were separated from the stems, washed free from excess 
dirt, and ground mechamcally m a porcelam mortar, with ii/lOO phosphate buffer 
at pH 7 3-7 5 Sand was not used, lest the grmdmg disperse some of the sand 
particles colloidally and mterfere with the electrophoretic studies The deep green 
suspensions obtamed by grmdmg were filtered through mushn and then centrifuged 
for 30 mmutes at top speed m a Swedish angle centrifuge to remove nuclear fragments 
and cellular debris For the navy bean, the supernatant was made 1 3 ir with respect 
to ammonium sulfate, which had been previously neutralized to pH 7 0 With 
Aspidistra, the molanty of the ammonium sulfate necessary to effect precipitation 
was somewhat higher, namely 19 m This latter concentration agrees with that used 
by Smith (14) After about an hour, the suspensions were centrifuged at top speed 
for 30 mmutes, whereupon the green matenal sedimented, leavmg a yellow-brown 
supernatant At times, the supernatant appeared shghtly green m color after the 
first precipitation and centrifugation, mdicatmg that not all of the chlorophyll- 
protem had been preapitated and that the concentration of salt used m the precipita- 
tion was minimal Thus, even on the first preapitation, a large part of the impurities 
and foreign protem remamed m the solution While still moist, the green sediment 
was taken up m the phosphate buffer mixture and the operation of precipitation and 
suspension repeated twice more in the course of several hours As Stoll and Wiede- 
mann pomt out, a double repetition of the precipitatmg operation exhausts its effec- 
tiveness The green matenal was finally resuspended m some of the ongmal buffer 
mixture and dialyzed against the same buffer until free from sulfate All preparative 
operations were earned out at 0°C , and m the absence of metal No appreciable 
loss from denaturation was noticed 
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When it was essential to have a prcpaiation completely free from salt, the green 
sediment obtained on the final centrifugation was reauspended m distilled water (dis- 
tflird in glass) and dialyacd until sulfate free. This method produced no apparent 
change m the properties of the material 

At this pomt it may be well to point out that the concentration of ammonium 
sulfate necessary to effect preapitation of the chlorophyll proton complex was 
markedly influenced by the period over which the laltmg-out was allowed to 
take place. This agrees with the observations of Menke, 

We also attempted to use a Waring blender but found that a large volume of foam 
was produced, with considerable denaturation, on the disruption of the leaf matenah 
Furthermore, the material purified In this way not only prcopitated quite rapidly 
during the course of several days but In contrast with preparations made by other 
the ag^omeiates failed to pass through ordinary filter paper 
EUdrophoTtsis — All measurements of electrophoresis were made m an Abramson 
type of microelectrophoresis cell following the techniques desenbed In detail by 
Moyti (22) This method was especially suitable because of the paiticolatc char 
acter of the purified suspensioas. Unless otherwise stated, measurements were mide 
in u/50 acetate buffers at an lomc strength of 0 02 The mobflitics in M/»ec./volt/ 
am, were corrected to 25*0, from room temperature by correcting for changes m 
viscosity Both quinhydrone and glass electrodes were used to determmo pH. 

When the pun fled matenal was used, an aliquot of the concentrated suspension 
(0.25 to 0.50 cc.) was added to the bufo salt and the suspension brought to the 
desired volume and pH by the addition of acetic add and water When quartz or 
collodion partides were used, these were first BU!q>ended m the conctntiated chlon- 
phyll-protem solution for about 15 minutes to insure complete coating before addition 
of the buffer as above. This procedure minimized the amount of dumping that 
resulted when die dilorophyll-proteu complex was suspended in bufieia on the aod 
side of its isodectnc point. 


KX tJ KBTirKKTAI. 

General Properties of the Complex — ^Purified suspensions of the chlorophyll- 
protem complex exhibit several mteresting properties Thty are deep green 
m color and ciceedmgly stable, remaining apparently unaltered over a long 
period of time, either at the pH of the phosphate buffer (pH 7.3-7 .5), or, after 
dialyaia against distilled water, at about pH 6.0 In addition, the suspensions 
exhibit the physical characteristics desoibed by other workers (5, 12-15) a 
strong maximum absorption band at about 678 m^ photostability, red fluo- 
rescence, and sensitivity to protein coagulants On the other hand, cither an 
increase m temperature, removal of water by drying, or freezmg can denature 
the matenal. Smith (14) pointed out that flocculation of the chloroplflst 
matenal from both Aspidistra and Spinccia takes place below pH 4.5 We 
have foimd that our purified extract flocculates almost instantaneously at and 
below the isoelectric pomt Flocculation or denaturation on tbe aad side of 
the isodectnc pomt is not inhibited by carrying out the operations at (fC 
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Acetone or alcohol sphts the complex If ether is layered above the suspension, 
alcohol or acetone will cause the chlorophyll to pass mto the ether phase, as 
the protein precipitates Gentle shaking of the material with ether alone 
causes httle, if any, of the chlorophyll to pass mto the ether layer Vigorous 
shakmg, which sphts the pigment-protem complex, results m a more mtense 
colormg of the ether layer This last result agrees with the observations of 
Stoll and Wiedemann (12) and of Smith (14) Snrular treatment with petro- 
leum ether is without effect 

Stoll and Wiedemann (12) have stated that electrolytes, e g NaCl, spht the 
complex and cause the color to pass mto the ether phase on shakmg It 
seemed desirable to re-examme this pomt m view of the fact that several 
authors report the use of NaCl for extractive purposes Suspensions of the 
green material, from bean, were made 0 25 M with respect to any one of the 
foUowmg salts NELiCNS, KCNS, LiCl, KCl, NaCl, and KI The solutions 
were then geptly shaken with ether, none of the chlorophyll, as compared 
with a control, passed mto the ether layer The solutions were allowed to 
remam in contact with both ether and salt for 12 hours at 0°C and re-examined 
In most cases, there was a noticeable precipitation of the complex Other 
than this, none of the chlorophyll had passed mto the ether layer durmg the 
intervemng time 

Particle Size — Lubunenko’s (5) extracts were transparent and the pigment 
could not be removed by centrifugation, although both Mommaerts (11) and 
Smith (14) state that the chloroplast material could be centrifuged at rather 
moderate rates of speed (3000 to 4000 R ) Shafer (13), however, noticed 
that his suspensions, although never clear, were difScult to centrifuge In a 
more extensive mvestigation of this pomt, Stoll and Wiedemann (12), as well as 
Anson (15), pomted out that their preparations were optically empty m bright 
field, when oil-immersion was used, but, m dark field, StoU and Wiedemann 
noticed Brownian motion of particles, which, they suggest, had been formed by 
agglomeration We, too, have found that the purified pigment-protem, 
prepared as descnbed above, contams particles or agglomerates sufl&ciently 
large for electrophoretic exammation Centrifugation for 1 hour at 3000 
R p M produced a preparation that was optically empty m bright field (1100 X 
magnification) Suspensions centrifuged for 2 hours at the same speed, 
although optically empty in bright field, nevertheless exhibited hvely Brownian 
motion at the hnuts of microscopic visibihty m dark field It is possible that 
the elementary particle is large, m view of the findmg of Lormg, Osborn, and 
WyckoS (18) that its sedimentation constant is extremely large In contrast 
to this, Anson (15) found that the green particles were almost completely 
sedimented at 20,000 r p M , sedimentmg more rapidly than the molecules 
of tobacco mosaic virus 

Electrophoresis —Electrophoretic data obtamed with two different mstru- 



IL FISBlIAN AND L S iSOXER 


759 


menta -were in excellent agreement. The mobility pH curve of bean is shown 
in Fig 1 The vanoua circles represent simnar samples prepared at different 
tiQipa. The green microscopic parUcIes> which make up the suspension, are 
isoelectric at pH 4 70 in ir/50 acetate buffer at 25°C The particles migrate 
mdependent of size, shape, or degree of clumpmg Particles at the limits of 
miaoscopic viaibnity migrated at the same rate as the larger ones. In fact, 
the particles behaved as though their surfaces were exceedingly uniform. 




Fro 1 The electrophoretic mobility pH curve of the chlorophyll ptotem complex 
from navy bean m u/50 acetate buffer, at m " 0 02 and 25®C DiSercnt orclea 
represent vanoua preparations. The smooth curve has been drawn to fit the pomts 
isoelectric point u at pH 4 70 

Flo 2 The effect of u/2S acetic acid on the electrophoretic mobility of the chloro- 
phyll protem complex from navy bean (curve I) The different ordcs represent 
vanoufl preparations treated with aod at pH 3 1 and resuspended m u/50 acetate 
buffer at M ■■ 0 02 and 2S°C Curve H is a smooth (dashed) curve drawn from 
Fig 1 for comparison. The isoelectric pomt of the add treated material is at pH 5 05 

Under these conditions, the curve tends to flatten out on the negative side at 
about pH 6.5 and on the positive side at pH 3 6 
At and below the isodectnc pomt the chromoprotem is readdy flocculated, 
which confirms Smith's observation that suspensions flocculated at pH 4.5 or 
below have been altered by the aad This raised the questions as to whether 
the flocculation is the result of dcnaturation and whether it is reversible 
The complex was therefore treated with u/2S acetic aod at pH 3 1 (above 
the limit of pheophytm formation) for about 30 minutes. The treated material 
was then resuspended in more alkaline buffers and its mobihty- detenruned 
(Fig 2) Curve I shows the altered mobihty of the acid treated material, 
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the various circles represent difierent preparations of the chlorophyll-protein 
complex The dashed curve (II) is that of the untreated material, drawn for 
comparison It is evident that the behavior of the matenal has been so 
altered that its isoelectric pomt now hes at pH 5 05 The curves are nearly 
parallel on the negative side but converge on the positive side This suggests 
that nearly all the experunents on the acid side of the isoelectric pomt m Fig 1 
were affected by the acid conditions under which the measurements had been 
made Investigations of the rate of this denaturation mdicated that it is 
virtually complete withm 5 to 10 mmutes at pH 3 1 and 25°C At pH values 
more basic than 3 1, the process is less rapid 

A similar experiment was done with Aspidistra The mobihty-pH curves 
for both the native and acid-treated material at an lomc strength of 0 02 and 
25°C are presented m Fig 3 The closed circles designate the behavior of the 
untreated matenal and the open circles, the acid-treated Notice the sharp 
discontmuity m the curve m the region of the isoelectric pomt This agam 
mdicates that acid media can denature the complex and alter its isoelectnc 
pomt In fact, it is only by extrapolation that a value for this pomt can be 
obtamed, near pH 3 9 When the complex was exposed to acidities below 
pH 4 24, Its mobdity was rapidly altered and the shifted curve on the acid side 
of the isoelectric pomt was found If now the material was treated with 
if/25 acetic acid at pH 3 1 and resuspended m more basic buffers, results such 
as those represented by the open circles were obtamed These form a smooth 
curve (dashed) contmuous with the untreated matenal m acid buffers The 
isoelectric pomt was now at pH 4 24 It is evident from Figs 1 and 3 that the 
behavior of the complex is different m the two species 

Menke (10) has reported the isolation of a chloroplast substance and a 
cytoplasmic substance by fractional precipitation with ammomum sulfate 
This suggested to us that the results obtamed above might have been con- 
ditioned by the presence of impurities ongmatmg from the cytoplasm That 
appreciable amounts of dissolved protem, capable of bemg adsorbed by the 
chlorophyll-protem aggregates, were not present m the highly purified prepara- 
tions of the complex could be demonstrated by suspendmg particles of quartz 
or collodion m clear green suspensions of the complex obtamed by centrifuga- 
tion at 3000 E p 11 It has been repeatedly shown (23) that when mert particles 
are suspended m protem solutions, they assume an electrophoretic mobihty 
that IS usually characteristic of the mobihty of the dissolved protem molecules 
Similarly, these added particles assumed an electrophoretic behavior identical, 
withm the hmits of error, with the aggregates of the complex These results 
are shown by the pomts on Curve I of Fig 4, which has been drawn from Fig 1 
for comparison 

There was, of course, the possibdity that proteins from the cytoplasm might 
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be readily adsorbed, both by cMorophyll protein and by inert surfaces. The 
supernatant, which remains after the first preapitation of FJiaseolus with 
ammonnim sulfate, still contains some of the chlorophyll-protem complex. 
To remove this residue, the concentratioQ of ammonium sulfate was raised to 



Flo 3 The electrophoretic mobOity pH cuive of the chlorophyll protein complex 
from Aspidistra m v/50 acetate bufier, at p * 0 02 and 25 C doaed cL^es 
represent the behavior of the untreated material although those m the oad region 
show a definite discontinuity The open circles represent the behavior of the complex 
treated with u/25 acetic add at pH 3 t and resuspended m more alhalme bufiers. 
The acid treated matenal forms a smooth curve with the podtlvely charged particles 
through an isoelectric point at pH 4J24 The hodectnc point of the undenatnred 
material can onl> be obtained by extrapolation It is at pH 3 9 

Fio 4 A comparison of the dectrophoretic mobility pH curves of quart* (#, A) 
and collodion (O, A) coated with the chlorophyil-protcm complex and the cyto- 
plasmic protem complex, m m/50 acetate buffer, at p -• 0 02 and 25*C The dashed 
curve is drawn from Fig 1 for companson. The smooth curve (H) has been drawn 
to fit the pomts. The isoelectric point of the adsorbed cytoplasmic protem is at 
pH 4.22 

half saturation, the pigment protem complex was preapitated, and centri 
fuged The yellow brown supemaUnt was then dialyzed against u/lOO 
phosphate buffer at 0°C Quartz and collodion particles were suspended m the 
dear dialyzed supernatant and their electrophoretic mobilities determmed. 
The data are plotted as Curve II of Kg 4 The isoelectnc point of the <yto- 
plasmic protem adsorbed by the parUdes is at pH 4 22, os compared with pH 
4 70 for the chromoprotein. 
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DISCUSSION 

A comparison of the data for the monocotyledonous Aspidistra and the 
dicotyledonous Phaseolus shows that distmct differences exist between genera 
Although the analyses of Smith (14) suggested to him that Spinacia and 
Aspidistra were so nearly identical that analyses could be averaged, he does, 
however, report a difference m their response to precipitating salts Not 
only do Aspidistra and navy bean differ m their ease of precipitation by am- 
momum sulfate, the former precipitatmg like a globuhu and the latter like 
an albumm, but their mobihty-pH curves (diagrammed m Figs 3 and 4) 
are clearly distmct At the same conditions of lomc strength and tempera- 
ture, the navy bean has an isoelectric pomt at pH 4 70 and Aspidistra (when 
extrapolated) at about pH 3 9 These differences between the genera mdicate 
a very defimte specificity m the constitution of the complex, despite the fact 
that the chlorophyll is the same m both This difference may be attributed to 
variations m either the lipid or the protem bearer 

The effect of various um-umvalent electrolytes on the stabdity of the 
chlorophyll-protem complex seems to contradict the results of Stoll and 
Wiedemann (12) They claimed that when a suspension of the green material, 
treated with an electrolyte hke NaCl, was shaken with ether, the pigment 
readily passed mto the ether layer, and concluded that this was due to the 
presence of the salt We find, however, that this results only when the suspen- 
sion is vigorously shaken with ether or when the complex is allowed to warm 
up to room temperature, both of these treatments, we have shown, however, 
spht the chromoprotem m the absence of salt These conclusions agree with 
those of Shafer (13) and Anson (15), who have used dilute salt solutions to 
prepare stable suspensions of the green material 

The mobihty-pH curves of Phaseoliis and Aspidistra, together with then 
isoelectnc pomts, fall withm the range characteristic of protem systems 
The analytical evidence of Mommaerts, Stoll and Wiedemann, and Smith also 
mdicates that the complex contams a protem This, together with the facts 
that the green material is thrown out of solution by protem precipitants and 
sediments as a large umt m the centrifugal field (18), mdicates qmte defimtely 
that chlorophyll is bound to a protem 

From Fig 1 it would appear that the protem from bean remams essentially 
unchanged over the entire range of pH mvestigated Previous reports (14) 
had mdicated, however, that the pigment-protem complex flocculates and is 
nxeversibly denatured below the isoelectric pomt Not only did we find this, 
but when the green material, which had been treated with acid below the 
isoelectric pomt, was brought back mto more alkahne buffers, its electro- 
phoretic mobihty no longer agreed with that of the native, undenatured 
material but was shifted to more basic values In the case of Aspidistra, the 
differences between the native and the acid denatured material were more 
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marketL In fact, with the techniques employed here, it was impossible to 
obtain an isoelectnc pwmt for the undenatured matenaL In this respect, the 
chlorophyll protem complex is similar to hog thyroglobulin, which, as shown, by 
Heidclberger and Pedersen (24) , is also denatured by dilute aads and exhibits a 
shifted mobihty curve below its isoelectnc pomL 

The preparations used m this mvestigation were apparently homogeneous 
and the data were remarkably uniform Neither the aggregates of green 
material nor quartz and collodion particles coated inth it exhibited any electro- 
phoretic differences within the limits of experimental error Even if the 
aggregates are not agglomerates of the chlorophyll-protem complex, at least 
they are coated by the same dissolved or dispersed substance that is adsorbed 
by quartz or collodion In any case, it la clear that the protem adsorbed from 
the cytoplasrmc material by quartz or aillodion is qmte different from that 
forming the surface of the green particle (Fig 4) This does not imply that 
only one protem is present m the cytoplasm but, as m the case of other mixed 
systems (25) it seems that one, at least, tends to be selectively adsorbed In 
the hght of the foregoing evidence, it seems most likely that what we have been 
Investigatmg are the surface properties of the chlorophyll protem complex 
Itself The movmg boundary method of electrophoresis should clarify the 
Eituatiom 

SUIOIASY 

1 Reported effects of different conditions on the stabihty of the purified 
chlorophyll protem complex have been confirmed 

2 The dectropboretic behavior of the chlorophyll protem complex prepared 
from two unrelated spcaes of plants {Atpidutra elaiwr and Pkasedw wigans) 
has been mvestigated and shown to be dLssimilar In m/50 acetate buffer 
at 25*C, the isoelectnc point of the complex from PJuiseolus is at pH 4,70, 
whereas that from Asptdulra is at pH 3 9 (extrapolated) These values fall 
within the usual range of protein isoelectnc pomts 

3 Treatment with weak, aads causes an irreversible dcnaturation of the 
protein complex from both speaes, with a resultant shift m the mobility pH 
curves to more basic values 

4 Differences m dectrophorehc behavior between the chlorophyll protem 
complex and the cytoplasmic proteins of Phesedus have been demonstrated. 
The isoelectric pomt of the latter is at pH 4 22 

We wish to express our appreaation to Prof R. A, Gortner for hia help anri 
encouragement throughout the course of this work, 
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ELECTRIC IMPEDANCE OF THE FROG EGG 
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{From tha Dcporimmi of PkyHologyf CoUoge of Pkyncuins and Surgeon, CoiutnJn^i 
Vnnertxly, New Yorh) 

(Received for pabbcation, March 2, 1942) 

INTRODDCnON 

The analysis of measurements of the altematmg current unpedance of tissues, 
cell suspensions, and smgle cells has shown that the cell membrane has a capa- 
aty of about 1 id/cm * and an associated dielectnc loss similar to that found 
m solid dielectrics^ Because the capaaty is relatively constant for many 
cells and under various conditions, it and the loss are probably characteristics 
of the molecular structure m the ion impermeable part of the membrane. 
In the case of a few cells it has been possible to measure a leakage resistance of 
the membrane- This resistance is dependent upon the condition of the cell 
and may be ascribed to the transfer of Ions across the membrane The ion 
permeability of the membrane is an important factor m the functioning of the 
cell but its electrical measurement as a leakage conductance is dependent upon 
a favorable combination of the size and shape of the cell and the resistance of 
the medium (Cole, 1937, 1940) The ideal material for physiobgical work of 
this nature is a smgle large cell of regular shape which is normally found in on 
environment of low salt concentration. The frog egg seemed to meet these 
requirements and this work was undertaken to determine the plasma membrane 
resistance of the unfertiUzed and fertilized egg In addition it has been 
posrible to detenmne the membrane capaaty and phase an^, and the mtemol 
resistance for the unfertilized and fertilized egg m aprmg water and m diluted 
amphibian Ringeris, The stabihty of the impedance was also of mterest 
because of the spontaneous, rhythmic impedance fluctuations observed m the 
trout egg by Hubbard and Rothschild (1939) 

Malenal and Apparalus 

Smgle eggs of the leopard frog, JJofla were used throughout- The eggs were 

stripped from the frog and immediately placed in the measuring ffJl, Eggs which 
were to be fertilized were stripped from females previously mjected with frog pitui 
tariea (Rugh 1934) lo that they were sexually mature m the fall and winter months. 
These eggs were allowed to fall mto spring water or 10 per cent Ringeris solution (1 
part amphibian Ringeris to 9 parts of distilled water) artificially and 

p l aced in the meaiuiing cclL Only those eggs, eight in number, which showed sub- 
sequent devebpment to at least the two-cell stage were designated as fertilized eggs. 
Checking the fcrtfliiablhty of the unfertiUied eggs (two in number) after a run would 
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not have had any particular value because it is well known that these eggs lose their 
fertihzabihty very soon after removal from the body 

In addition to the fertilized and unfertilized group, there was another group of eggs 
designated "undetermined” (nine eggs) These eggs were treated with sperm solution 
prior to measurement but whether or not their insemination was successful could not 
be proved, inasmuch as when it was next possible to examine them some days later, 
they had undergone decomposition Thus it uas impossible to determine whether 
they had died because of mjury subsequent to fertilization and early development or 
whether they had been unsuccessfully inseminated and never developed at all 



Fig 1 Chamber for measuring unpedance of smgle frog eggs When assembled 
the diaphragms are m contact (The broken hues on either side of the egg represent 
pieces of cheesecloth which hold the egg in place ) 

A few measurements were made upon eggs which were known to be dead In these 
cases the impedance was mdependent of frequency' and close to that obtamed for the 
medium alone Measurements were also made on the vitelhne membrane alone which 
showed that it had approximately the conductivity of the medium 

After preliminary experiments with other types, a measurmg ceU of the form used 
by Fnck and Morse (1925) was adopted for these experiments As is shown m Fig 1, 
each platinized platmum electrode of this cell was sealed mto a cup with a ground 
hp When the two cups were clamped together directly or with Sat diaphragms be- 
tween them a watertight jomt was formed The egg was placed in a circular hole, 
0 216 cm m diameter, drilled m the center of a hard rubber diaphragm, 0 164 cm 
thick The adhermg jelly served to center the egg m the hole and a small piece of 
moistened cheesecloth on each side kept the egg from being forced out of the hole by 
momentary pressure differences Each piece of cheesecloth m turn was held m 
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place by another rfiaphra^ having a center hole, 0 6 cm* m diameter These three 
diaphragms were placed between the ground lips of the electrode cups the whole 
clamped together and filied with sprmg water or 10 per cent amphibian Ringer's 
sohiticin through the tubes at the top and bottom of each cup 

An alternating current Wheatstone bridge similar to that described by Cole and 
Curtis (1037) was used for the measuiemcnta. A set of measurementa was made at 
eight frequencies from 50 cydei to 10 kc. first with and then without an egg in place. 
At each frequency the parallel resistance, and capaaty, were m easu r ed The 
temperature was not controlled but sevoal check measurements were taken, usually 
at 1 kc., during the course of each run and concction made for the effect of tempera 
ture change when necessary 

Corredums and CalculaiuJns 

In other work it has usually been necessary to apply a correction for the 
polaruation impedance of the electrodes but in this case with electrodes 3.3 



Fig 2 Frequency impedance locus, ia senes resistance, R 4 , vj senes reactance 
X of (o) unfertilired and (6) fertilixed frog egg Frequencies indicated are m 
kilocydei per second. 


cm in diameter this impedance was negligible The senes resistance, 72,, 
and senes reactance, X,, at each frequency were then computed from the 
measured reaistance and capaaty and plotted as abscissae and ordinates, 
rc^ectively, of the impedance locus (Cole, 1928 a) A typical locus for an 
unfertilixed frog egg is shown in Fig 2 a and for a fertilized egg m Fig 2 b 

End Effect 

Before these data can be interpreted, it is necessary to consider the current 
flow between each electrode and the end of the cylindncal hole in the diaphragm 
faang it. This resistance of this region depends upon the specific resistance 
of the electrolyte, the separation between the electrode and the diaphragm, 
and the diameters of the hole, the vessd, and the electrodes. The current 
from the electrode converges rapidly m the electrolyte outside the dia^ihragm 
as it approaches the hole and encounters a resistance which is practically 
independent of the length and contents of the hole This resistance could be 
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measured directly if the central hole were filled with metal or if a very thin 
diaphragm havmg a central hole of the same diameter were used However, 
these measurements would be comphcated by the polarization impedance of 
the metal faces m the first case and the dielectric capacity of the diaphragm 
m the second case A third possibihty is to vary the length of the hole by 
usmg diaphragms of diflferent thickness and obtam the resistance for zero 
length by extrapolation The results of this latter experiment with five dia- 
phragms havmg holes 0 216 cm m diameter are shown m Fig 3 The measured 
resistance with the diaphragm 0 164 cm thick used for the eggs is 2,600 ohms 
and the extrapolated resistance for zero thickness is 1,300 ohms Consequently 
the end effect is SO per cent of the resistance observed for the experimental 

to 
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0 5 K) 

diaphragm ihckness - mm. 

Fig 3 The overall resistance, R, m thousands of ohms, of measurmg chamber and 
diaphragm plotted agamst diaphragm thickness m millimeters Each diaphragm 
had a central hole 0 216 cm m diameter The medium was sprmg water 

diaphragm without an egg m place This value was then subtracted from the 
series resistance obtamed at each frequency to correct for the resistance of the 
electrolyte on each side of the diaphragm 
From the extrapolation to the axis of abscissae, it is found that the end 
effect IS equivalent to an added hole length of 0 16 cm If the equivalent hole 
length V IS, I' = I ya, where I is the actual length and a the radius of the 
hole, then 7 = 1 48 experunentally An approximate calculation for extensive 
electrolyte and large distant electrodes gives 7 = 1 57 and Rayleigh gives 
7 = 1 64 as a better value (Jeans, 1927, page 358) However, the electrodes 
are only 0 75 cm from each side of the disc and this reduces the computed 
value of 7 by about 0 10 (Gray, Mathews, and MacRobert, 1922, page 145) 
The fimte diameter of the cups and the electrodes mcreases 7 but only by a 
neghgible amount (Gray, Mathews, and MacRobert, 1922, page 147) The 
theoretical value is then m the neighborhood of 7 = 15 and the agreement 
with the experimental value of 7 = 1 48 is better than should be expected 




K S COLE AND E U. OOmiAN 


769 


Effedvx VoUtmo Conceniratxon 

The next step in the analysis is to consider the distribution of current flow 
around and through the egg in the (ylindncal hole The resistance, r, of a 
cubical cell containing a Hrnnll sphere is most easily obtained by the assumption 
that the field strength at the boimdanes of the cell is not modified by the 
sphere. On this basis Fncke (1924) found 

1 — Ti/r 1 — ryjfx 

3 ““l + rjr. 


where ri and ft are the specific resistance of the medium and the sphere respec 
tively, and p is the fraction of the volume occupied by the sphere Obviously 
this equation wfll apply for any shape of boundary if it is everywhere suffiaently 
remote from the sphere- It will also apply for a dilute suspension of spheres 
in which the field at a single sphere is not affected by the presence of the others 
As the fractional volume p is mcreased, the field inside a sphere is altered by 
the walls or by the other spheres of a suspension If this internal field remains 
uniform and is determined by the average field m the ^tem, the next approxi 
mation la the Maxwell (1873, section 313) equation for a random suspension 


1 - fi/f 1 -• fi/ri 

2 + fi/f " ^ 2 + fi/fj 


( 1 ) 


This equation also applies to an approximately cubical arrangement of spheres 
(Raylei^, 1892) and consequently to a single sphere m a nearly cubical cell 
We then expect that the exact shape of the measuring cell is not particularly 
important and that equation (1) wfll also apply to a sphere m a short cylindnci 
hole This is easily shown to be true if the mtcmal field is umfonn and deter- 
mined by the average field m the system- However, when the effect of the 
sphere becomes too large, this assumption will not be valid and a more com 
plete theory is necessary to give these limits Smee this theory is not available 
the validity of equation (1) can only be established expcnxnentally 

In the case of a non-conducting sphere, which is the most cntical theorcUcally 
^nH the most easily tested, equation (1) becomes 

(1 - ri/f)/(2 + T^r) - p/2 (2) 

To test this equation for a non-conducting sphere, one end of a fine rod 
was melted down until it became a sphere of the proper size. This sphere was 
then held m the center of the hole by the attached rod which m turn was ce- 
mented to a glass bndge on one side of the diaphragm. The effect of the rod 
and bndge was negligible because they were small and m regions of low cunent 
density In Fig 4, the left hand side of equation (2) is computed from the 



770 


IlIPEDANCE OE EROG EGG 


measured resistances and plotted against the volume, n, of the sphere The 
hnear relation for small values of v justifies the use of equation (2) 

The hnear relation between these two quantities is expected according to 
equation (2) for small values of v With the larger values of v, the assumptions 
of equation (2) are no longer vahd, and the measurements do not he on the 
straight hne For example, if the diameter of the sphere is equal to that of 
the cyhndncal hole the resistance is infinite and (1 — ri/r)/(2 + ri/r) = 05 
But accordmg to equation (2), the resistance should not become infimte until 
V = V, the volume of the cyhnder Then by extrapolation of the straight hne 
obtamed for small v we find F = 6 3 mm ® Although the actual volume of 
the cyhnder was 6 0 mm the extrapolated value may be used as an apparent 



Fig 4 The volume of the glass sphere m cm^ plotted against the expression 
(1 — ri/r)/(2 + ri/r), where ri is the resistance m ohms of the medium and r, the 
resistance m ohms with the sphere m place The experimental pomts are jomed by 
an unbroken hne, whde the extrapolation of the straight hne is represented by a broken 
Ime 

or effective volume Equation (2) may then be used for values of p up to 50 
per cent and p = v/V, where v is the volume of the egg computed from its 
diameter and F is the effective volume of the cyhndncal cell 

Internal Resistance 

The impedance loci of Fig 2 are approximately circular arcs and may be 
extrapolated to the resistance axis to give n, the zero frequency resistance at 
one end and r^, the infini te frequency resistance at the other end If we 
assume that the membrane impedance is neghgible at mfimte frequency, the 
mtemal resistance ro may be computed by equation (1) where r = 

1 - ri/T„ ^ 1 - ri/fj ( 3 ) 

2 + n/roi ^ 2 ri/r^ 

The values for r-> so obtamed are given m Table I 
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ifembroM Resisiatice 

In ft Rimil^r manner the resatance, fi, of an equivalent uniform sphere at 
zero frequency may be computed when r =» ro, 


1 ~ fi/r> 1 — ri/f| 

2 + rj/r* ^ 2 -i- 


(4) 


If the egg has an electrically homogenous mtenor of specific resistance rj 
surrounded by a thin membrane of resistance r* per umt area, the equivalent 
resistance is given by 

- fi + rt/a (5) 

where a is the radius of the egg (Cole, 1928 o) The membrane resistances 
may now be obtamed from the values of f*, rj and a previously found These 
results are given in Table L 

Membrane Phase Angle and CapccUy 

The formulae previously used to calculate the membrane capaaty cannot 
be used because they have been based on the assumption that the membrane 
conductance was neghgible. The fact that the zero frequency resistances 
were usually larger for the medium alone than with an ^ m place shows that 
the equivalent resistance of the egg Is less than the resistance of the medium 
and that the assumption of a negligible conductance is not vahd 
On the basis of previous work, summarized by Cole ( 1940), it will be assumed 
that the membrane resistance, rj, and the dielectric impedance, z*, are m 
paralleL The membrane impedance is then given 1/z* l/n -f* l/fti 
The equivalent egg resistance, fj, m equation (1) is now replaced by the 
equivalent impedance sj ^ r> + s-/® and by rearrangement equation (1) 
becomes 

(I — pVi + (2 + p)ri + 1(1 — pVi + (2 + p)Cri 4- rt/a)\it/ri 
' “ (1 + 2p)r, + 2(1 - p)r, + [(I + 2p)r. + 2(1 - p)(r, + rja)]fjr, 

This equation is of the same form as for a negligible membrane conductance. 
For a constant phase angle dielectric impedance st » the impedance 

locus of z should be a circular arc of central angle, 2v» » a x (Cole, 1928 a, 
1932) As seen in Fig 2 this is approximately true. The values of (p found 
are between 80° and 88,5° and the average value is 86° 

Solving equation (6) for Z4 and mtroducmg the values for ro and from equa 
tions (3) and (4), we obtam 

1(1 + 2p)ri + 2(1 — p)rilri i — 

(1 + 2p)ri + 2(1 — p)(ra 4* rj/o) r# — i 


-4 " 


(7) 
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measured resistances and plotted against the volume, v, of the sphere The 
linear relation for small values of v justifies the use of equation (2) 

The hnear relation between these two quantities is expected according to 
equation (2) for small values of v With the larger values of v, the assumptions 
of equation (2) are no longer valid, and the measurements do not he on the 
straight hue For example, if the diameter of the sphere is equal to that of 
the cyhndricai hole the resistance is infinite and (1 — rj/r)/(2 -f ri/r) = 05 
But accordmg to equation (2), the resistance should not become infinite until 
V ~ V, the volume of the cyhnder Then by extrapolation of the straight hne 
obtamed for small v we find V = 6 3 mm * Although the actual volume of 
the cylmder was 6 0 mm the extrapolated value may be used as an apparent 



Fig 4 The volume of the glass sphere m cm® plotted against the exprC' 
(1 — ri/r)/(2 + fi/r), where r\ is the resistance m ohms of the medium and 
resistance m ohms with the sphere m place The experimental pomts are jo 
an unbroken hne, while the extrapolation of the straight hne is represented b' 

Ime 

or effective volume Equation (2) may then be used for valuc- 
per cent and p = t)/F, where x; is the volume of the egg c( 
diameter and V is the effective volume of the cyhndricai r 

Inlemal Resistance 

The impedance loci of Fig 2 are approxim 
extrapolated to the resistance axis to v’ 
one end and f„, the infinite f’- 
assume that the membrane 
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for frog sartonus muscle This suggests that the ion permeablhties of the 
membranes of these cells are comparable 
Membrane Capaaty — Unlike membrane resistance, membrane capoaty is 
a fairly mert diaractenstic of the cell membrane, changing neither during 
activity nor narcosis of the celL It probably is associated with the ion 
impenneable aspect of the cell membrane. The average value obtained for 
the frog egg was 2 0 /if/cm? Almost all hvmg cells thus far measured have 

TABLE I 

Cdojlaiion of Electrical Paramdcrj of Frot Eus under Variotts CandUians 
fit Internal ipedfin resutance in ohm cm. membrane resiitance m ohm cm.^ Cmt mem 
biane capaaty in pi/au} Kumben in parentbeaes indicat e number of eggs in each case. 


n 

lOpcrcastElofti ^ 

SpdAfinlei 

Avcimc* 

Fertillxcd 

625(6) 

510 (2) 

620(8) 

Unfertilized 

480(1) 

580(1) 

540(2) 

Undetennizied 

590(8) i 

320(1) 

560(9) 

Average 

600(15) 

430(4) 

570(19) 

n 

IQper causing 

Spdczwats 

Avmf* 

Fertilized 

140(6) 

350(2) 

200(8) 

Unfertifixed 

70(1) 

430(1) 

225 (2) 

Undetennined 

120(8) 

190(1) 

130(9) 

Average 

120 (15) 

350(4) 

170 (19) 

tm 

10 p«r ceat Klnx«T 


Artzat* 

FertffiKd 

1 8(6) 

1 4(2) 

1 7 (8) 

UnfertiUzed ' 

2 7 (1) 

1 7(1) 

, 2 2 (2) 

Undetermioed ' 

7 3 (8) 

2 2(1) 

2 3 (9) 

Average 

2 1 (15) 

1 7(4) 

2 0 (19) 


surpnsmgly constant membrane capaaUes of about 1 or 2 ni/cnP Into this 
general scheme the membrane capacity of the frog egg fits rather welL 
Effect oj Alleraiton oj External Medium — Since frog eggs develop equally wdl 
m spring water and m a 10 per cent amphibian Ringer solution, it was possible 
to study the effect of the external medium upon the cell parameters by makmg 
observations on eggs in each type of medium and then comparing the results 
It is of mtcrest that the membrane capacity, c«, which is, as we have seen, 
m general a rather inert characteristic of the cell, is not significantly different 
when the egg is in 10 per cent Rmger (2.1 #if/cm? ) from the value when the 
egg 13 in sprmg water (1 7 fff/cm* ) (Table I) On the other hand, the mem 
brane resistance, rj, is definitely higher m the case of the spring water values 
(350 ohm cm* ) than m the 10 per cent Ringer values (120 ohm cm* ) That 
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The frecjueDcy for which the reactance component of the measured impedance 
3 IS a maxunum may be called the characteristic frequency, n, (Cole and Curtis, 
1936) At this frequency, the absolute value 


fQ 


and if 34 were that of a pure capacity 34 = l/c„w we have 




CUO 




+ 4 - 

Ctffj 


( 8 ) 


where « = Itth 

This equation is not strictly vahd because the phase angle of 34 is somewhat 
less than 90'*, but it gives the capacity component of the membrane impedance 
to within 1 per cent in the present experiments The values of Cm obtained 
under various conditions are given m Table I 

DISCUSSION OP RESULTS 

The results of the study of the electrical parameters of the frog egg are 
summarized m Table I 

Inlenial Specific Resislatice — The mternal specific resistance of the cell, ri, 
is dependent upon the concentration and mobihties of ions in the cell mtenor 
It was calculated on the assumption that the membrane has a neghgible re- 
sistance at the infimte frequency extrapolation The average value obtamed 
for the nmeteen eggs studied was 570 ohm cm This value can be compared 
with the value of 200 ohm cm obtamed by Hoker (1933) for unfertilized trout 
eggs, which are also fresh water eggs and with the values obtamed by Cole 
et al for various marme eggs {Arbacta (1928 b, 1936 b, 1938), Asknas, (1936 <1), 
Eippanoe (1935), Cimtngia and Chaetoplenis (1938)) which also are approxi- 
mately 200 ohm cm 

Membrane Resist atice — ^The membrane resistance is probably a measure 
of the membrane permeability to ions It is dependent upon the condition 
of the cell, bemg altered durmg cell activity (Cole and Curtis, Nttella (1938), 
squid axon (1939)) and durmg narcosis (Guttman, 1939) The average 
membrane resistance value obtamed for the frog egg was 170 ohm cm^ Be- 
cause of techmcal difficulties it has m the past been impossible to measure the 
membrane resistance of most cells studied with impedance methods There are 
therefore few data with which the frog egg value may be compared Hoker 
(1933) obtamed a value of 6000 ohm cm- for the membrane resistance of 
unfertilized trout eggs The value obtamed for the frog egg hes m the general 
range of resistances found by Blinks for Valoma (1930) and Eahcysits (1938), 
by Cole and Hodgkm for the squid axon (1939), and by Bozler and Cole (1935) 
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for frog sartonus mufide This suggests that the ioe pcnneabihties of the 
membranes of these cells are comparable. 

Membrane Capacity — TT nltle e membrane resistance, membrane capacity is 
a fairly mert characteristic of the cell membrane, rhanging neither during 
activity nor narcosis of the celL It probably is associated with the ion 
impermeable aspect of the cell membrane. The average value obtained for 
the frog egg was 2 0 /if/cm* Almost all bving cells thus far measured have 

TABLE I 

Calcuhticn of Eltdriccl ParamtUrs Sin^ Froi Rut wider Various CondUions 


n, tntirnal iqvrjfir lesbtuice in ohm, cm., D membnnA rtihtancc in q^tti cm.^ ttimti 
bniM capaoty In fiS/cm} Nomben in pArenUioes indicate number of eggs In each case. 


n 

10 pet c«at Blazct 

Spring wnur ' 

ArenfC 

Fertilized 

625(6) 

510 (2) 

620(8) 

UnfertiUzed 

4«0(1) 1 

580(1) 1 

540(2) 

Undetennined 

590 (8) 1 

320(1) 1 

560(9) 

Average 

600(15) 

430(4) 1 

570 (19) 

n 

10 per ceitt 

Spdnfntir 

Artnza 

Fertdleed 

140(6) 


200(8) 

'Onfeftffixed 

70(1) 


225 (2) 

Uadfitennlixed 

1J0(8) 


130(9) 

Average 

120 (15) 


170 (19) 

tm 

10 p<K cent aioftr 


Arenca 

Fcrtflued 1 

1 8(6) 

1 4(2) 

1 7 (S) 

Uofertiliied 

2 7(1) 

1 7(1) 

2 2 (2) 

Uiwletcnniiied 

2 3 (8) 

2 2(1) 

2 3 (9) 

Average 

2 I (15) 

1 7(4) 

2 0 (19) 


surpnsmgly constant membrane capaaties of about 1 or 2 /if/cmi* Into this 
general scheme the membrane capaaty of the frog egg fits rather wdL 

Sffed of AUcralion of External Medium • — ^Smce frx>g eggs develop equally well 
m qaing water and m a 10 per cent amphibian Ringer solution, it was possible 
to study the effect of the external medium upon the cell parameters by mflinng 
observations on eggs m each type of medium and then comparing the results 
It is of mterest that the membrane capaaty, c», which is, as we have seen, 
in general a rather inert characteristic of the cell, is not significantly different 
when the egg is m 10 per cent Rmgcr (2 1 /if/cm* ) from the value when the 
egg is m spring water (1 7 ;tf/cm’ ) (Tabic I) On the other hand, the mem- 
brane resistance, fa, is definitely higher m the case of the spring water values 
(350 ohm cn^ ) than in the 10 per cent Ringer values (120 nbni cn^ ) That 
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the membrane resistance should change is not very surpnsmg since this value 
probably represents an equihbrium with both the external and mtemal media 
The internal specific resistance, r^, may also be dependent upon the external 
medium, bemg 600 ohm cm when the eggs were m 10 per cent Rmger and 430 
ohm cm when the eggs were m sprmg water If this difference is significant 
it mdicates an accumulation of ions m the cell mterior from the more dilute 
medium 

Effect of Ferhhzatton —Fertilization of the eggs had httle effect upon the 
cell parameters mvestigated (Table I) Of the mneteen eggs studied, eight 
were successfully mseminated just before measurement, as was shown by their 
subsequent normal development These are designated “fertihzed” m Table I 
Two eggs were unfertilized and are so designated Nme eggs whose fertiliza- 
tion was uncertam are listed as "undetenmned” m Table I 
The data obtamed for the “undeterimned” group of eggs do not fall mto two 
distmct classes This means that either (1) these eggs were all fertilized eggs 
or all unfertilized eggs or (2) the group mcludes both fertilized and unfertilized 
eggs, and the membrane resistance, membrane capaaty, and specific resistance 
of the egg mterior do not change upon fertilization While it is possible that 
the nme eggs were either all fertihzed or all unfertihzed, the second assumption 
IS more probable In any case, there is no marked difference m membrane 
resistance, membrane capacity, and specific resistance of the egg mterior m 
those eggs defimtely known to be fertilized or unfertihzed 
McClendon (1910) and later Gray (1916) demonstrated a decrease m the 
resistance of centrifuged echmoderm eggs on fertilization On the other 
hand no marked change m membrane resistance was found after fertilization 
m Arbacta eggs (Cole and Spencer (1938)), or m Htppimoe eggs (Cole, 1935) 
Both the Arbacia and the Htpponoe membrane capaaties mcr eased on fertiliza- 
tion, unlike the frog egg No such change m membrane capacity on fertiliza- 
tion occurs m Cunnngia or m Chaetoptents eggs (Curtis and Cole, 1938) 

No Spontaneous RJiythmtcal Impedance Chatiges tn Frog Egg — ^Although 
Hubbard and Rothschild (1939) have reported small spontaneous rhythmical 
impedance changes m the unfertilized and fertilized trout egg after soakmg for 
12 hours m runnmg tap water, no similar phenomenon was observed in the 
frog egg 

We wish to thank Prof Lester Barth of the Department of Zoology, Colum- 
bia Umversity, and his assistants, Drs Edgar Zwillmg and John Moore for 
the pituitary-mjected frogs which were used m these experunents 

SUMMARY 

Electrical impedance measurements were made upon unfertihzed and 
fertilized eggs of the leopard frog, Rana pipiens, over a frequency range of 
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0 05 to 10 kc. Average values of 170 ohm cm * were obtained for the plasma 
membrane resistance of the egg, 2 0 pf/cm * for the plasma membrane capaaty, 
86® for the phase angle of the membrane, and 570 ohm ckl for the specific 
resistance of the mtenor These values did not change upon fertilization. 
No spontaneous rhythmical impedance changes such as have been found by 
Hubbard and Rothschild m the trout egg were foimd m frog eggs, 
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the membraue resistance should change is not very surprising since this value 
probably represents an equihbnum with both the external and internal media 
The internal specific resistance, 1 * 2 , may also be dependent ujwn the external 
medium, being 600 ohm cm when the eggs were m 10 per cent Ringer and 430 
ohm cm when the eggs were m sprmg water If this difference is significant 
it mdicates an accumulation of 10 ns m the cell mterior from the more dilute 
medium 

JSfecl of Ferlihzatioii —Fertilization of the eggs had httle effect upon the 
cell parameters mvestigated (Table I) Of the mneteen eggs studied, eight 
were successfully inseminated just before measurement, as was shown by their 
subsequent normal development These are designated “fertilized” m Table I 
Two eggs were unfertilized and are so designated Nme eggs whose fertiliza- 
tion was uncertam are listed as “undetermined” m Table I 
The data obtamed for the “undetermmed” group of eggs do not fall mto two 
distmct classes This means that either (1) these eggs were aU fertilized eggs 
or aU unfertilized eggs or (2) the group mcludes both fertilized and unfertih^ 
eggs, and the membrane resistance, membrane capacity, and specific resistance 
of the egg mtenor do not change upon fertilization While it is possible that 
the nme eggs were either all fertilized or all unfertilized, the second assumption 
IS more probable In any case, there is no marked difference m membrane 
resistance, membrane capacity, and specific resistance of the egg mterior m 
those eggs defimtely known to be fertilized or unfertilized 
McClendon (1910) and later Gray (1916) demonstrated a decrease m the 
resistance of centrifuged echmoderm eggs on fertilization On the other 
hand no marked change m membrane resistance was found after fertilization 
m Arbacia eggs (Cole and Spencer (1938)), or m Etpponoe eggs (Cole, 1935) 
Both the Arbaaa and the Htpponoe membrane capaaties mcreased on fertiliza- 
tion, unhke the frog egg No such change m membrane capacity on fertihza- 
tion occurs m Cwmngia or m CJiaetopierus eggs (Curtis and Cole, 1938) 

No Spontaneous RJiythmical Impedance Changes in Frog Egg — ^Although 
Hubbard and Rothschild (1939) have reported small spontaneous rhythrmcal 
impedance changes m the unfertilized and fertilized trout egg after soakmg for 
12 hours m runmng tap water, no similar phenomenon was observed m the 
frog egg 

We wish to thank Prof Lester Barth of the Department of Zoology, Colum- 
bia Umversity, and his assistants, Drs Edgar Zwilhng and John Moore for 
the pituitary-mjected frogs which were used m these experiments 

SUMMARY 

Electrical impedance measurements were made upon unfertihzed and 
fertilized eggs of the leopard frog, Rana pipiens, over a frequency range of 
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1 

INTR.ODUCnON 

Since the discovery of the vitamin properties of pantothenic aad much in 
tcrest has been aroused os to its biochemical function Williams and co- 
workers found that it stimulated the deposition of carbohydrate by green 
plants without affecting their nitrogenous constituents ^ The glycogen 
storage of yeast was also found to be mereased* by incubating it with panto- 
theme aadl Yeast grown on a medium deficient m pantothenic aad possessed 
a low fermentmg abihty which was greatty increased by the addition of pan 
tothenic acid.* Such yeast was found to have a much lower pantothemc acid 
content than normal yeasL The rate of fermentation of sucrose by dialysed 
yeast maceration juice was also observed to be shghtly accelerated by the 
addition of calaum pantothenate These experiments indicated that panto- 
themc aad was involved, probabfy as a coemyme, m some stage of carbo- 
hydrate metabolism 

In the present study these experiments were repeated and extended Smee 
the tissues of chicks grown on a diet deficient m pantothemc aad are low in 
pantothenic acid,^ defiaent btam and muscle served as haxnl tissues on which 
the effect of added pantothemc aad could be studied hlaceration juice 
preparations from yeast served as cell-free material on which gimnar studies 
could be made All of the respiration expenments were earned out in a 
Warburg Barcroft microrespiromcter 


n 

Ejffect an Mactraiwn Jiuce 

Maceration jmcc was prepared from Flcischmann’s baker^s yeast. This 

* The authors wish to express their appredation to Dra. C. M Lyman and E, E 
Snell for their assistance and suggestions during the course of this work. 

^ McBumey, C, H., BoHen, W B , and WOhaini, R- J , 1935, Proc Nat Acad 
Sc. 21,301 

* Wniams, R. J Mosher Wm- A., and Rohrmann, E., 1936 Bwkem J , London, 
30, 2036 

* Pratt E- F and WUhams R. J 1939, J Gen Pkysiol 22, 637 

* Snell, E, E, Pennington D and Williama R, J , 1940 J Biel 133, 559 

777 




PANTOTHENIC ACID AND THE DTILIZATTON OF GLUCOSE BY 
LIVING AND CELL-FREE SYSTEMS* 


By PEYTON C TEAGUE aki> ROGER J WILLIAMS 
{From Iho Depcrimati of ChenUsiry^ Tito UnUxrnly of Texas, Ausitn) 

(Rjccaved for pubUcatlon April 13, 1942) 

I 

INTRODUCnON 

Since the discovery of the vitamm properties of pantothenic acid much in 
terest has been aroused as to its biochemical function. Wilhams and co- 
workers found that it stimulated the deposition of carbohydrate by green 
plants without affecting their mtrogenoua constituents ^ The glycogen 
storage of yeast was also found to be increased* by incubating it with panto- 
theme aad. Yeast grown on a medium deficient in pantothenic acid possessed 
a low fermenting abihty which was greatly increased by the addition of pan 
tothemc aad-* Such yeast was found to have a much lower pantothemc aad 
content than normal yeast. The rate of fermentation of sucrose by dialysed 
yeast maceration juice was also observed to be ahghtly accelerated by the 
addition of gilnum pantothenate These experiments indicated that panto- 
thenic aad was involved, probably as a cocnxyme, in some stage of carbo- 
hydrate metabolism 

In the present study these experiments were repeated and extended. Smee 
the tissues of chicks grown on a diet defigent m pantothenic aad are low in 
pantothenic aad,* deficient bram and muscle served as basal tL»=a nie^ on which 
the effect of added pantothenic acid could be studied Maceration jmee 
preparations from yeast served as cell-free material on which wmilar studies 
could be made All of the respiration experiments were earned out m a 
Warburg Barcroft microrespirometer 


n 

Effect on Maccraiion Juice 

Maceration juice was prepared from Fleischmann's bakcris yeast- This 

* The authors wish to express their appreciation to Drt, C M LjTnan and E E 
SneU for their assistance and suggestions donsg the course of this work 

1 McButncy C H. BoUen W B , and Williams R. J , 1935 Proc Nai Acad 
5c., 01, 301 

* Wilhattii R- J Mosher Wm. A., and Rohrmann E., 1936, Bwktm. J , London, 
30, 2036 

» Pratt, E F and Wmiams R, J 1939 J Gem Pkytul , 22, 637 

* Snell E E, Pennington, D and Wnhaau, R. J 1940, / Btcl Cketa , 133, 559 
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3 Uice was freed of its ma 3 or portion of pantothenic acid m one of two ways 
( 1 ) by dialysis, ( 2 ) by precipitating the active enzymes with acetone and 
redissolving the precipitate m 1 per cent sodium chloride solution Either of 
these procedures gives a preparation containing considerably less pantothenic 
acid than normal maceration 3 mce as determmed by the method of Pennington, 
Snell, and WiUiams ^ However, it was observed that additional pantothemc 
acid could be hberated by enzymatic action One such 3 uice, on which the 
acetone precipitation and re-solution m NaCl solution was repeated twice, 
contained only 0 45 7 per cc of “free” pantothemc acid Enzymatic action 
hberated from this 3 uice an additional 5-6 7 per cc of “bound” pantothemc 
aad The determmation of bound pantothemc acid was carried out by m- 
cubatmg a portion of the juice with homogenized fresh muscle tissue and 
allowmg the autolytic enzymes of the muscle tissue to act on the yeast juice 
The difference between the pantothemc acid content of this mixture and of the 
fresh muscle tissue itself was taken as the sum of the “free” and “bound” 
pantothemc acid m the yeast juice 


TABLE I 

Fermentaltoii of Glucose by Dialyzed Maceration Juice 


Calcium pantothenate 

1 ^ 

1 ® 

0 

1 0 I7 ! 

1 0 ly 




COj per hr , mm * 

368 1 

1 379 j 

C/I 

; 356 

i 358 





A number of experiments were performed to determme the effect of panto- 
thenic acid on the fermentation of glucose by the dialyzed and acetone-precipi- 
tated maceration juice No effect due to pantothemc acid was observed 
Table I shows a typical run with juice dialyzed 8 f hours at 0-10° C against 
0 9 per cent NaCl solution A small amount of hexose diphosphate was used 
m each flask to convert the adenyhc aad mto adenosme triphosphate No 
appreaable fermentation took place unless this was added 
Each flask contamed 1 cc of 0 4 m glucose, 1 cc of KHjPOi (8 gm per 
hter), 10 7 of adenylic acid, 10 7 of coenzyme I, 0 1 cc of salt solution 
(0 025 11 MgSOi, 0 05 M MnSOi, and 0 3 M (NH 4 ) 2 S 04 ), and 7 mg of sodium 
hexose diphosphate Total volume, 4 cc 
Although It IS generally accepted that no coenzyme, other than cocarboxyl- 
ase, IS required for the decarboxylation of pyruvic acid, several expenments 
were carried out to test the possibihty of pantothemc acid’s havmg some 
effect on this stage of the fermentation reaction Pantothemc acid showed 
no effect on the decarboxylation of pyruvic acid by acetone-precipitated 
maceration jmce 

The effect of pantothemc acid on the rate of phosphorylation of glucose oy 
8 Pennington, D , Snell, E E , and Williams, R J , 1940, J Biol Chem , 136, 213 
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diatyzed maceration juice was detemunetL The calcium salt of pantothenic 
add was used, and controls containing calaiun chlonde were mcluded smcc 
calaum ion can to some extent repla« magnesium in the phosphorylation 
enzyme. Inorganic phosphate was determined accordmg to the method of 
Bnggs* with the Evelyn photoelectric coloruMtcr The decrease m inorganic 
phosphate was assumed to be the amount estenfied with glucose 

The results of a typical experiment are given m Table H The quantities 
shown are inorgamc phosphate, and the difference between the mitial reading 
and the test reading is the decrease m inorgamc phosphate. It can be seen 
from the table that no effect of calaum pantothenate was observed which was 
not attributable to the calaum ion. 

The results of these expenmenta with maceratioa juice indicate that panto- 


TABLE n 

Pkospkaryialion of Glucou by Dtaiyztd iPacorailm Jute* 


PbTi4tttti put(^ 

TnUt.t 

10 fin- 1 

1 

so ipfa 

60 fain. 

ISO tain. 

0 

1 16 

1 12 

0 89 

0 56 

0 48 

It 

1 16 

1 09 

0 92 

: 0 56 

0 47 

Vh 

1 16 

1 12 

— 

1 0 56 

0 48 

lOOy 

1 16 

1 10 

0 92 

0 57 

0 50 

1ST 






Caa> 

1 16 

1 10 

0 91 

0 57 

0 SO 


Figures represent mlUigrams of phosphorus present as Inorganic phosphate 


them e aad does not function as a disociable coenzyme for the enzyme sys- 
tems involved m the fermentation of glucose. 

in 

Effect on Live Teasl 

The large effect of pantothemc aad upon the fermentation of glucose by 
yeast deficient in pantothenic aad is apparently in contradiction to the fact 
that pantothemc aad showed no effect on the fermentation by maceration 
juice from which most of the pantothemc aad had been removed This ap- 
parent contradiction suggested that pantothe m c aad may act onfy m a com- 
bmed form If this is the case, one would expect the accelerating action of 
the pantothenic aad on the defiaent yeast to be accompanied by a parallel 
binding of the pantothenic acid in the yeast. The following experiment was 
performed to determine if this bmding takes place 

• Bnggs, A. P , 1924 J Bid Ckem. 53, 255 
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The effect of pautothenic acid on the oxygen absorption of homogenized 
breast muscle during the utilization of glucose was determined A control 
contammg no glucose gave considerably less oxygen absorption, showmg that 
glucose was being metabolized It can be seen from Table V that pantothenic 
aad had no effect 

Each flask contained 325 mg (moist weight) of homogenized muscle m 1 5 cc of 
phosphate Ringer solution without sodium carbonate or calcium ion, 0 3 cc of 2 5 

TABLE V 


Oxygen Cotisttmplton of Homogemetd Breast Muscle 


Cakjum 

Oiygen per mg of tissue (dry weight) 


S mm 

10 nun 

20 nun 

30 nxuL. 

4S min 

105 mip 

120 nun 


mm ' 

mm ‘ 

mm* 

mm • 

mm 

Klflll 

DlIH* 

0* 

0 06 

0 11 

0 18 

mEM 



0 81 

0 

0 11 

0 17 





1 03 

0 

0 12 

0 18 


0 36 

0 44 


0 96 

10 

0 10 

0 15 

0 22 

0 33 

0 44 

0 91 

0 99 

10 

0 15 


0 25 

0 34 

0 43 

0 85 

0 94 


* Control, contained no glucose 


TABLE VI 

Anaerobic Glycolysis of Homogenized Brain 


COj per mg of tissue (diy weight) 



IS TPin 

45 TPin. 

60 nun 

Next 15 
mm 


mm ’ 

mm • 

mm ‘ 

mm‘ 

No pantothemc acid 

0 67 

2 15 

2 56 

0 45 

lOy calaum pantothenate 

0 82 

2 13 

2 50 

0 44 

lOOOy sodium salt of pantoyl taurme 

0 75 

2 25 

2 25 

J 0 58 


per cent glucose, 0 1 cc contammg the mdicated amount of calaum pantothenate, 
and 0 15 cc of 20 per cent KOH m the center cup An atmosphere of air was used 

The effect of pantoyl taurme as well as that of pantothemc acid itself upon 
the anaerobic glycolysis of pantothemc acid defiaent homogenized chick brain 
was detennmed The results shown m Table VI mdicate that neither panto- 
themc aad nor its sulfomc aad homologue has any effect 

The gray matter of the bram from a defiaent chick was homogenized m phosphate 
Rmger solution and 2 9 cc contammg 200 mg (moist weight) were pipetted mto each 
flauV To this was added 0 1 cc- of water contammg the test substance The flasks 
were then placed m the bath and aerated for 5 mmutes with a mixture of 95 per cent 
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nitrogen and 5 per cent carbon dioxide. The mixture was passed over heated copper 
to remove all traces of oxygen The sodium D(+) salt of pantoyl taunne was used. 
Results are shown m Table VL 

A number of other eipenmenta using defiaent chick tissues ^yere performed, 
but m no case could any effect of pantothenic aad, either on the oxygen con- 
sumption or the anaerobic glycolysis, be demonstrated It tbereforc seems 
unlikely that pantothemc aad serves as a distocxahU coenzyme for the glyco- 
lytic system 


SUU1£A&Y 

1 Added pantothemc aad was found to have no appreciable effect on the 
fermentation of glucose when used m conjunction with preparations of dialyzed 
yeast maceration juice or ocetone-ptcapitated yeast maceration juice 

2 Addition of pantothemc acid failed to affect the rate of phosphorylation 
of glucose or the rate of decarboxylatioii of pyruvic aad by yeast maceratioa 
juice, 

3 Pantothemc aad showed no effect on the rate of glycolysis by homo- 
genized defiaent chick tissues 

4 The acce l erating effect of pantothemc aad on fermentation by defiaent 
yeast cells was found to be accompanied by a ‘Tiinding^* of pantothemc acid 
by the yeast cells. 




THE VALENCE OF CORPUSCULAR PROTEINS* 

By MANUEL H. GORIN Jam LAURENCE S MOYER 
(Front the Biolcpcal Laboratory, Cold Spring Barbor, and ihc Deparimeni of Botany, 
Unvoertdy of lUnnuota, Minmapolis) 

(Recexved for pttbUcfltioi}, April 6, 1P42) 

The quantity most directfy related to the net charge or valence of corpuscular 
proteins is the electrophoretic mobtUty In 1932 Abnunson (1) showed that m 
solutions of the same lomc strength the elcctnc mobility of the same protein at 
different hydrogen xon activities is direct^ proportional to the number of hy- 
drogen ions bound or released os determined by titration curves EQs com 
ponsons were made with gelatm, serum albumin^ egg albumin^ and casern. The 
generality of Abramson's rule has been conhnned by T>ame\ (2), Moyer arid 
Abels (3), Moyer and Abramson (4), Longsworth (S), and also by Carman, 
Palmer, and Ribnck (6) Longsworth's data on egg albumin are especialty' 
intereatmg, for his comparison extends from pH 3 to 12 Inasmuch as the re- 
sults of Abramson and of Moyer seem to have been misunderstood, it should be 
emphasised that they deal with comparisons of data on dtssolvtd proteins. If 
the protein m the adsorbed state happens to agree, it » incidental to the 
argument. 

Not only did Abramson show proporbonaJity between the electric mobihty 
and titration corves, but he also attempted to calculate the valence of protems 
from the available electrophoretic and titration data. The agreement, how 
ever, was incomplete. 

Although acid-base titration and membrane potential measurements on pro- 
tem solutions give results that are rebted to the elcctnc mobility, the actual 
determination of the net charge from these measuremenls is subject to 
culties m mterpretation and questionable assumptions. On the other hand, an 
exact mterpretation of elcctnc mobihty data in tenns of net charge requires in- 
dependent informatian concerning the eize and shape of the protein molecule 
and the aiscfl of tlie other ions in the solution. Information regarding size and 
shape is not yet available for any protem Extreme limits of variation of thcte 
quantities, however, may be obtained from sedimentation and diffusion data by 
the assumption on the one hand, of sphencal shape and enough hydration or, 
on the other, of enough ssymmetty, to account for the diffusion constant 

The results presented m this communication indicate that when these factora 
are taken into account, values for the valence calculated from titration, electro- 

• This work was aided, in part, by a grant made to one of ua (L. S M.) by the 
Graduate School of the Umvtmty of Minnesota. 
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phoresis, and membrane potential measurements agree closely It will be 
shown that for the cases to be considered the uncertamty about size and shape 
causes a ma x i m um spread of about 20 per cent m the valence determined from 
mobihty data by usmg the two extreme models a hydrated sphere and an un- 
hydrated, elongated rod 


Theoretical 

In obtammg the valence of protems from their electrophoretic mobihty and 
size and shape, dependence is placed upon the Debye-Huckel theory (7), modi- 
fied to mclude the effect of the ions m the ion atmosphere, and on Pokes’ law, 
as apphed to such systems by Henry (8) Under conditions ordinarily en- 
countered, both the extended Debye-Huckel theory and the hydrodynamic as- 
sumptions of Stokes' law should apply quite accurately to systems of the cor- 
puscular protems Conditions under which considerable deviations from the 
simphfied Debye-Huckel differential equation should occur m protein solu- 
tions, due to the Gronwall-La Mer effect (9), have been mvestigated by Gonn 
(10) It was concluded as a result of this work that, m the case of proteins of 
the size of egg albumm or larger and for lomc strengths greater than 0 01, the 
Gronwall-La Mer correction is small unless the protein is highly charged 
(valence greater than 10) At lomc strengths greater than 0 1, the correction 
IS neghgible for all values of the net charge likely to be encountered in protem 
systems For the systems to be presented here, the Gronwall-La Mer effect 
may be neglected ^ 

The theory to be ou timed below apphes equally well to protem systems made 
up of molecules that all have the same charge at any instant or to systems m 
which the charge of the molecules fluctuates rapidly with tune In the latter 
case, the net charge determmed by electrophoresis is the charge taken over a 
time average The one debatable assvunption mvolved m the apphcation of the 
Debye-Hhckel theory to protem systems is that the net charge over a tune 
average behaves as if symmetncally distributed withm the molecule or over its 
surface However, from the pomt of view of physical realities there can be 
httle doubt that this is an assumption that is generally justified 

After the net charge of the protem is obtamed, withm the limits mdicated 
above, it is then possible to compare these values with those obtained from the 
mteipretation of titration data and of membrane potential measurements As 
has been the experience of Abramson (1, 12), Moyer and Abels (3), Longsworth 
(5), and Cannan, Palmer, and Kibnck (6), reached on the basis of more ap- 
proximate solutions of the Debye-Huckel differential equation, we too find that 

^ Recently, Tisehus and Svensson (11) have claimed that the simple Debye-Hiickel 
theory can be successfully used over a wide range of ionic strengths to calculate the 
electrophoretic mobihty from the net charge estimated by measurements of membrane 
potentials See, however, Gonn (10) and Longsworth (5) 
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values of the net charge calculated from electrophoretic and titration data, at 
the CTinp ionic strength, agree poorly For this reason, we have concluded that 
the ordinary interpretation of titration data is open to serious question and 
should be reexamined Stemhardt (13), working on an entirely different basis, 
has come to ritthIat conclusions. 

In the Ideal case, assummg that only protons are bound to protein, the va 
lence, 9 , is equal to the number of protons bound (or released) per molecule of 
protein. When the valence is multiplied by the charge on an electron (0 = 
4,80 X 10“^® E,8,u), the net charge, Q, of the protem molecule, over a time 
average, is obtamed In other words, 

Q . rt - iMe a) 

where h is the number of equivalents of hydrogen bound per gram of protem of 
molecular wei^t, if Equation (1) no longer appUes when significant numbers 
of 10 ns other thfm hydrogen are bound by the protem and, especially, when this 
bmding is dependent on pBL 

The Charged Sphere — ^According to the theories of Gouy and others (14), a 
charged particle m an ionic medium accumulates m its neighborhood a cloud of 
ions whose net charge, over a time average, is opposite m sign and equal m 
magmtude to that existing on the particle The statistical mean distance of 
the ions from the surface is referred to as the "thickness of the electnc double 
layer’* and will depend on the concentration of 10 ns present These ions are 
free to move Clcse to the surface, however, there can be a film of tightly held 
water mto which they can rarely pass Over a time average, the statistical 
thickness of this film of water will determine the position of the surface of shear 
Water molecules inside this boundary ore earned with the particle to form a 
smgle kmetic diffusing unit. The surface of shear is the "effective’ surface of 
the particle as far as electrophoretic and diffusion effects are concerned. Elec 
tnc charges inside the surface of shear contribute to the charge on the particle, 
while those outside constitute the ion atmosphere of the particle 

This non-uniform distribution of charges sets up a potential, extending out 
ward to mfimty from the surface of shear At the surface of shear, ^ assumes 
the special value, ^ Ifaparticleof radius, r, is subjected to on applied electric 
field, it will move with a mobihty, v, that is directly proportional to the f po- 
tential at its surface By the theones of Helmholtz, Smoluchowski, and 
Henry (8) for a particle large enough to obey Stokes* Law, 



where ij is the viscosity of the medium, D is the dielectnc constant, prifl x is the 
well known square root function of ionic strength of Debye and Hlickcl (7) 
Values of the Henry factor, 6//(<r), are listed m Table I (for the correct ex 
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panded fonn of /(Kf), see Gonn (10)) Consequently, v can be calculated if 
t can be related to the net charge and to the thickness of the electric double 
layer, 1/k 

Debye and Huckel, following Gouy, combined the Boltzmann and Poisson 
equations and, with certam simphfymg assumptions, arrived at the expression, 

— K’vt' =■ 0, (3) 

from which, on mtegration, they obtamed for a sphere, 

* “ '*'> 

The essential assumptions have been listed elsewhere (15) Here Q is the net 
charge of the particle, Z>, the dielectnc constant of the medium, r, the radius of 


TABLE I 
TJte Henry Factor 


«r 

6//M 

Kf 

6/M) 

0 

6 00 

5 

5 17 

1 

5 84 

10 

4 84 

2 

5 63 

25 

4 38 

3 

S 45 

100 

4 11 

4 

5 30 

00 

4 00 


the central particle, and d, a radial distance called the “distance of closest ap- 
proach ” At this distance, t/' assumes a special value that we shall designate 
rather than f, its value at the surface of shear The situation has been 
diagrammed m Fig 1 It is rather than that is needed here Only when 
the mean radius of the counter ions m the double layer is zero will 'P* — t 
At lomc strengths commonly used m protem electrophoresis, \pt will deviate sig- 
nificantly from f A correction to equation (4) to mclude the effect of the size 
of the ions m the ion atmosphere is therefore necessary 
Values of the radu of the electrolyte ions are available from the equihbnum 
theory of lomc conductance (16) These values and the equations to be pre- 
sented below involve the assumption that the charge on the ion is concentrated 
at Its center This assumption should be vahd for sunple ions, such as hahdes 
and those of the alkah metals For more complex ions, the assumption may be 
open to question In general, electrophoretic results obtained with systems m 
which simple salts like NaCl make the major contribution to the ionic strength 
are most suitable for mterpretation m terms of net charge on the protein The 
systems used by Longsworth (5) are especially suitable for this use 
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If these notions aie introduced into the treatment of Debye and Hiickel they 
lead to the result (IS, 16), 


0(1 + tff) 

Dr[t + *Cr + rt)I * 


(5) 



Fio I Diagram of a portion of the uiiface of a hydrated, sphcncal protein of 
radhia, r An ion of ladiua, rv, la shown at the distance of closest approach. The 
upper curve represents the fall of potential, from the surface of shear as a function 
of radial distance * calculated by equation (S) on the assumption that r< 0 1 r 
Notice that at the surface of shear f but that at the distance of closest approach 
(* — r + rd f It la f rather than that is directly related to the dectnc 

mobility The lower curve, calculated by equation (4) on the assumption that — 
0, indicates that only in this case docs f < — f at the surface of shear 

where r< is the mean radius of the ions m the diffuse double layer and r Is the 
radius of the central particle. If the partude is assumed to be hydrated, the 
effective thickness of its hydration layer (to the surface of shear) must be in 
eluded m r This cxprcfision departs most widely from equation (4) at high 
lomc strengths (p) 
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On combmmg equations (2) and (5), we have, after dividing by the electronic 
charge, 

67nir[l -f K (r 4- f,)] 

^ e fM (1+HfJ ’ 


This spherical model predicts the valence from observed values of the mobihty 
under chosen ionic conditions 

The Unhydrated Charged Cylinder — ^Few, if any, proteins are sphencaL 
Consequently, it seemed more reahstic to develop the equations for an elongated 
cyhndrical model (17) In this case, the potential, depends only upon the 
radial distance, a, from the axis of the cylmder Equation (3) then becomes 


dx* X dx 


=> 0 , 


(7) 


a modified Bessel’s equation of zero order When this is solved by the mtro- 
duction of suitable boundary conditions and by assummg a uniform distribu- 
tion of surface charge, there is obtained 

, = (,) 

‘ C(i + 2a) Z.M (a) ’ 


where e is the length and a the radius of the cylmder Ko and Ki are speaal 
Bessel functions of zero and first order respectively (18) The term, 2a, m the 
denominator is m the nature of an end correction for small values of l/a It 
was chosen to cause equation (8) to jom smoothly with equation (11) as n—*0 
When the effect of the fimte size of the ions m the ion atmosphere is mcluded, 
the complete equation for f becomes, 


i- 


2Q Koixa -f KT,) -1. ]n idUfV 

D(l + 2a) (xa -}- Kr,)KiiKa + nr,) \ a /_ 


(9) 


To relate f to v, the factor of proportionahty, C, m the general electrophoretic 
equation, 


V 


Cv ’ 


( 10 ) 


must be solved for all values of ha In the case of a suspension .contaimng 
elongated protem molecules oriented at random by Brow ni a n movement, we 
assume that over a time average, one-third lie parallel to each cartesian co- 
ordmate - Random onentation is justified by the fact that onentmg forces m- 
volved m electrophoresis are very small when compared with Brownian forces 

' This method of averaging is essentially parallel to those used in solving similar 
physical problems (19, 20) 



IIANTOX H. GOaiN AND LAtraENCE S. IIOYER 


791 


This method of averagmg is simplified by taking one of the coordinates (»- 
ans) in the direction of the apphed field, whereupon only two cases need be 
solved These ore the cylinder migratmg parallel to the field and the cylinder 
migratmg perpendicular to the field For each cylinder parallel to the field, two 
will be perpendicular For the pantUel case, Henry (8) finds C => 4r for all 
values of ta For the second case, C = x F{«ui) By an extension of the work 
of Henry, this fimction has been obtamed by one of us (M H G ) by graphical 
integration (15) * The results are given in Table IL 
The function, for a randomly oriented cylinder, corresponding to F is 

3 

This is also given m Table IL 


TABLE H 

Tkt Co nt U m ti of Prop^iondity for a Long CyiuuUr 


tm 

OrleoUdoa 

^ PtfpcndlcaUf I 


ir 

r 

0 

8 00 

6 67 

0 4 ' 

7 73 

6 49 

1 0 

7 36 

6 26 

1 4 

6 87 

5 91 

2 0 

6 51 1 

5 67 

2 4 

6 34 1 

5 56 

3 0 

6 10 

5 40 

so 

4 00 1 

4 00 


It is somewhat more convenient to define the cylinder m terms of its asym 
metry and volume rather than with respect to its length and radius We define 
asymmetry as 5 =■ V2o, so that 


a 


where v is the molecular volume 

The electric mobihtiea of cylinder* of varying asymmetries are compared in 
Table HI with the electric mobihties of a sphere of the Mmg molecular volume 
and net charge. At p =» 0, the values of the ratios of the mobihties are exactly 
equal to the corresponding ratios of the diffusion constants, d/d©, of the cyhnder 

* The function was inadvertently attributed in this paper to a parallel cylinder 
rather than to a perpendicular one. 
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and sphere respectively Since the electrophoretic mobilities for cylinders can- 
not properly be extrapolated to k = 0 , the values m the table at /i = 0 are cal- 
culated for prolate elhpsoids from Perrm’s equation (21), 


fo O S 

- S3 — =a 

/ Do -y/i _ 53 


(11) 


where S is the ratio of the long to the short axis and///o is the force factor of the 
molecule Notice in the table that the values of the ratios computed by the 
two methods 30 m smoothly The values are nearly unaffected by changes in 
molecular weight between 30,000-150,000 Asymmetry, however, exerts a 
noticeable effect on the retardation due to the ion atmosphere It should be 
emphasized that these calculations are for randomly oriented cyhnders of con- 
stant net charge but not of constant charge density 


TABLE m 

Electro phoretK Mohhties of Cylinders 


Asynunetiy 


Ratjo ot mobility to tlmt of a spbtte of tba same moleoulat volume 



^ 0 

M *>* 0 OOS 

It ■=■ 0 w 

11 - 01 

imQiiii 

2 5 

0 920 

0 856 

0 774 


0 715 

5 0 


0 715 



0 604 

10 0 

0 648 

0 545 

0 503 


0 485 

22 5 

0 477 

0 379 

0 361 

0 362 

0 357 

45 0 

0 350 

0 263 

0 254 

0 256 

0 259 


Methods 

Serum albumm B was crystallized from horse serum bv the methods of Kektvick 
(22) The dialyzed product was titrated in a mtrogen atmosphere by the use of a 
micro burette and a glass electrode The standards of pH employed were those 
recommended by Macinnes, Belcher, and Shedlovsky (23) To ehinmate the effect of 
protem concentration as much as possible, the measurements were performed at 
about 0 25 per cent protem In those titrations that were performed at constant 
lomc strength, the proper amount of NaCl was added m advance to the HCl and 
NaOH used m titratmg as well as to the protem solution The mean ionic activity 
coefficient was taken as that prevailing m the absence of protein at the lomc strength 
under consideration Suitable methods for the calculation of the equivalents of 
hydrogen bound or released have been discussed by Kekwick and Carman (24) and 
by Moyer and Abels (3) 

RESOXTS 

£gg Albumin — ^Longsworth (5) has found that the diffusion constant, D, of 
egg albumm is 3 99 X 10 "''cm ^sec at 0 °C If the molecule is assumed to be a 
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hydrated sphere, its effective radius can be calculated from the Stokes-Einstem 
equation, 


■ - ~ - 27^A. 

OrqD 


Longsworth has also presented moving boundary data for dissolved egg al* 
bumin at 0°C and ^ = 01 Under these conditions, «f =» 2 87 From Table 
I, 6//(Kr) 13 found to be 5 47 On taking the average radius of the electrolyte 
ions, n, as 2^ A , jcff becomes 0.258 If these values are substituted m equa- 
tion (6), we obtam the valence, v, in terms of v (in M/sec./volt/aru), 

r - 17J» (12) 


If, however, the other extreme, an unhydrated cylinder, is assumed, the 
asymmetry is determined (25) from the diffusion constant of the protcm by the 
use of equation (11) If the molecular weight of egg albumin is 45,000 (26), its 
unhydrated molecular volume corresponds to that of a sphere of 23 6 A. The 
force factor, ///o, is thus 27 8/23 6 =» 1 18 and the asymmetry is 4/1 for this 
rod like modeL We first calculate the valence of the unhytirated sphere for 
KT = 2 44 and 6//(itr) =» 5^5 This gives p » 13 65 Pj Reference to Table 
HI shows that a cylmder of this degree of asymmetry should have a mobility 
equal to 65 per cent of that of a sphere of the same molecular volume. Hence 


13 65 
065 * 




( 13 ) 


Comparison of equations (12) and (13) shows that a difference of about 20 
per cent should he found between a sphere and a cylinder of the same diffusion 
constant under these conditions Accurate determinations of the valence from 
titration data would make possible a deaaion between the effects of water of 
Itydration and asymmetry 

In Fig 2 are shown the results discussed above, together with curves for the 
valence calculated by equation (1) from the recent titration data of Cannan, 
Kibnck, and Palmer (27) at infinite dilution of egg albumin. The titration 
data have been shifted vertically so that the curves comcide with the mobflity 
curve at the isoelectric pomt. The low temperature coefficient of the dissocia- 
tion of carboxyl groups makes possible a comparison of these curves without 
temperature correction in the range of pH shown m the figure (S, 27) A1 
though quanbtabve agreement exists between the mobility data and the 
btrabon curve m the absence of added salt, it is evident that the values of the 
net charge calculated from the btrabon data at the ionic strength of the electro- 
phorebc measurements are several hundred per cent higher l 

Tischus and Svensson (11) have determined the clectrophorebc mobihty of 
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egg albumin m phosphate buffers at 0°C and m = 0 1 Under these conditions, 
the protem is highly negative and r, can still be taken as 2 5 A , m spite of the 
presence of phosphate ions of relatively larger radu Applying equations (12) 
and (13) we obtain v = -11 9 and v = -14 1 for sphere and cylinder re- 
spectively 

Adair and Adair (28) obtained p ~ — 13 8 for the valence of egg albumin at 
0°C m phosphate buffers at pH 7 1 by means of membrane potential measure- 



Fig 2 The valence of egg albumm from titration data of Cannan, Kibnck, and 
Palmer and electrophoretic results of Longsworth The curves have been shifted to 
the isoelectnc pomt at pH 4 60 

ments Thus the membrane potential measurements of Adair and Adair and 
, the extrapolated titration curve lead to similar results, namely that the agree- 
ment is somewhat better for the cylmdrical than for the sphencal model By 
inference, it may be concluded that our method to obtam the net charge from 
extrapolated titration curves and the membrane potential method should lead 
to very nearly the same results for the same system No data are available, as 
yet, to permit a direct comparison of the two methods with the same system 
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The titration method i3 unreliable for points far removed from the isoelectric 
point. In addition, the isoclectnc point of egg albumm is not accurately known 
m phosphate buffers 

Calculations from the earlier results of TiscUus (29) for egg albumin m acetate 



Fio 3 The valence of egg albumm from titiatioii data of Cannan Kibnck, and 
Palmer and elcctrc^oretic results of Tisdlus, The isoclectnc point hea at pH 4.55 
at tbia ionic strength (0 02) Results for cyilnder and sphere have been averaged, 
as discussed in the text. 

buffers at = 0 02 and 20“C arc shown in Fig 3 Under these couditiona, we 
obtam F » 6 9 1 ) and f =* 8 0 o for sphere and cylinder, respectively Since the 
electrophoretic measurements probably have an error of the order of 10 per cent, 
no attempt was made to distinguish between the two models m this case The 
plotted pomtB ore the average values of the charge calculated for a sphere and 
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cylinder, namely, v— 1 AS v The smooth curve is the valence calculated from 
the titration curve (27) at infinite dilution, shifted vertically to d = 0 at pH 
4 545 Notice the excellent agreement between valence from electrophoresis 
and valence from titration 

\ 



Fig 4 The valence of serum albunim B from titration data (this paper) and elec- 
trophoretic results of Kekmck The curves have been shifted to the isoelectnc point 
at pH 4 81 (/I => 0 02) 

Serum Albumin — In Fig 4 are shown values for the valence of serum albumin 
B calculated from the electric mobility data of Kekwick (22) at 20°C and 
(1 = 0 02 He finds 70,000 for its molecular weight and 6 10 X 10~^cm ^ sec 
for Its difliusion constant at 20°C These data lead to an asymmetry of 5/1, if 
an unhydrated rod is assumed The titration curves are our own results 
Here, v/v = 9 65 for a sphere or 10 31 for a rod 
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Fig 5 shows a similar compamon for this protein at /x =» 0 1 In this in 
stance, the mobflity data of Moyer and Moyer (30), for film-q of scrum albumin 
B adsorbed on microscopic particles, were used- Inasmuch as the electric mo- 
bility data at on ionic strength of 0 02 for this protem adsorbed on quarts or 



Fio. 5 The valence of serum aitmmin B from titxatlon data (this paper) and elec 
trophorebe results of Moyer and Moyer The curve* have been shifted to the 
isoelectric point at pH 4 76 (>» " 0 1) 

collodion particles have been shown (30, 31) to be m agreement with movmg 
boimdary measurements on dissolved scrum albumin B, it is highly probable 
that the data m Fig S correspond to the behavior of the dissolved protein at 
/I = 0 1 The titration curves m Figs 4 and 5 follow a course with respect to 
the mobility data fumflar to that found for egg albunun In this case, v “ 
12 75 a for a sphere or 13 94 tr for a rod 
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^-Lactoglobulin —Similar calculations have been made for /3-lactogIobutm, by 
usmg the electric mobihty data of Pedersen (32) at 20°C and m = 0 02 andW 
titration data of Cannan, Palmer, and Kibnck (6) Oncley (33) suggests 
40,000 as the most probable value for the molecular weight This figure, com- 
bmed with the diffusion constant, 7 27 X IQ-^cm ^sec found by Poison (34) 
at 20°C , yields a force factor of 1 26, which corresponds to an as 3 nanietry of 



Fig 6 Extrapolation of the titration data of Cannan, Palmer, and Kibnck on 
/3-lactoglobulm in the absence of salt to infimte dilution of protem 

5 2, if an unhydrated cyhnder is assumed This yields v = 8 1 Id If, however, 
a hydrated sphere is chosen as the model, d = 7 35 d 

Cannan, Palmer, and Kibnck present two sets of titration data for this 
protem (1) m the presence of various concentrations of salt at a protem con- 
centration of 0 5 per cent and (2) at vanous concentrations of protem m the 
absence of added salt A curve representmg the titration curve at infimte dilu- 
tion of electrolytes and protem has been obtamed by extrapolation of this latter 
set of results (Fig 6) At values of pH below 4, the extrapolation becomes less 
certam, m addition, the steadily mcreasmg concentration of Cl" begins to con- 
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tribute to the ionic strength. Hence we have decided to limit our considera- 
tions to regions above this value 

Fig 7 shows our results for this protein. As before, the agreement with the 
electrophoretic results is good only for the extrapolated titration curve m the 
absence of salt Likewise, the correspondence is somewhat better for the 
cylindrical than for the spherical model 



Kibnck and electrophoretic results of Pedersen Inasmuch as both isoionic and 
isoelectric points are at pH 5 19 no adjustment of the curves was necessary 

DISCUSSION 

The chief difficulty encountered m determimng the valence of proteins from 
titration curves involves the mteipretation of titration data It is unlikely, es- 
pecially at higher values of Ionic strength, that the titration curve represents 
binding or release of hydrogen ions alone. As a first approximation, the pro- 
cedure of shifting the titration curve vertically to account for the binding of ions 
other than hydrogen and hydroxyl appears to be justified for pH values not far 
removed from the isoelectnc point With a diange m lomc strength, the m 
flucncc of other ions, such as Na+ or CL', upon the net charge of the protem re- 
sults mainly m a vertical shift of the net charge curve without much change m 
its slope, , a shift in isoelectnc point (3, 4, 12, 15, 35) Results suggest that 
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over the pH range investigated the binding of ions other than hydio-enu~ 
tem IS relatively independent of pH Two types of interactions of^ thoaz 
with protein would be expected to be nearly independent of pH One., 
sorption of ions like Na+ or Cl" by non-polar parts of the molecule Tte.^ 
IS ion pair formation between the electrolyte ions and the charged groutbc: 
protein molecule (36) Ion pair formation should be mdependent oi pH. 
m the neighborhood of the isoelectric pomt, where the net charge of theprz 

IS small compared to the total charge We have therefore restncted omc 
siderations to this region 


Steinhardt (13), moreover, has obtained results which indicate that 
ociated aad, such as HCl, is bound to protem along with hydrogen ion. L 
IS equivalent to saymg that ion pairs of H+ Cl- tend to be taken up br- 
protem molecule Under conditions where this effect is appreciable, the nr 
tion curve would yield too high a value for the valence, smce the bindir.. 
molecular HCl would remove hydrogen ions from solution and contribute toa 
experimental titration curve but should not affect the net char-e Hena 
would not affect the electrophoretic mobihty “ 

Let us cousider the bmdmg of hydrogen tons mvolvmg only the aadie- 
baste groups of the protem rnolecule lu thts case, d rre make the assumr- 
that thts bmdmg is essenttaUy mdependent of lontc stremnh it is pBsib':: 
obtam what may be considered the tic net charge «r^e (thf^t. 
curve concerned with the bmdmg of hydrogen ions alone), by KtiapohC. 
the eitpetmiental titmtmn curve to aero romc strength and aero protmm 
centmtmn By hypothesis this curve would apply at all cnlL o. , 0 = 
strength To correct for the bmdmg of other ions, such as Cl- the titist- 
curves were shdted vertically, so that the aero pomt for acid o’r base tact- 
corresponded with the isoelectric pomt determmed bv electrooh„r«,s 
As Abi^on (12) has suggested, it seems likely that, as resulte on additat- 
proteins become avadable, individuals similar to gelatin, whose isoelKht 
pomt IS hardly shifted by lomc strength, wiU be encountered It is oosJii 
ttat S-bctoglobulm is one of these cases, for its iso.omc pomt m un^ 
by salt (Fig 7) and is identical with its isoelectnc pomt at least at a = Oft 
A compamon of the valence curves is possible, therefore, under ...wU.Las ti 
are free from any question as to the vahdity of the vertical adiustment 
The expe^ental titration curves, however, devmte very markedly from ti- 

rii^Ioneathighervalueso lomcstrengthandprotemcouceutratron Qmmc. 

Kibrick, and Palmer (6, 27) have attributed these devmtrons to the efieoo 
salt on the dissociation constants of the ammo and carboryl groups comhms- 
with an activity effect on the composite protem lon On the otto hand K 
prefer, as a first apprommation, to attribute these effects to the bmdu^^- 
nndissociated acid to the proteins The magnitude of this bmdm. would ch 
pend on the activity product of amons and hydrogen ions m the solution sr- 
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•would therefore be a function of pH, salt concentration, and protein concen- 
tiationu In basic solutions binding of pairs, such as K+ and OH"", to protein 
may also occur 

It will be recalled that -values of the net charge of protein molecules obtained 
from electrophoretic data by the use of the two extreme models, the elongated 
rod and the hydrated sphere, agree withm 15 to 20 per cent. Furthermore, m 
eadi case they agree very well with the mtnnsic net charge curve for values of 
the valence obtamed from titration data by means of our assumptions On 
the other hand, the dashed lines, which represent the net charge calculated on 
the assumption that no molecular HCl is bound to protem, deviate widely from 
the other results 

The agreement between the rod like model and the titration data is some- 
what better than that for the sphere but it should not be concluded that these 
proteins are unhydrated rods instead of hydrated spheres. It is probable that 
the proper model lies somewhere between these extremes, , a less extended 
rod with some hydmtion 


SUmiAfi-Y 

By the use of two extreme models a hydrated sphere and an unhydrated rod 
the valence (net charge) of corpuscular proteins can be successfully calculated 
from electric mobihty data by the Debye-Hiickel theory (modified to mclude 
the effect of the ions m the ion atmosphere) in conjunction with the electro- 
phoretic theory of Henry As pomted out by Abramson, this permits a com- 
parison with values for the valence from titration data 

Electrometric titration measurements of serum albumm B (Kckwick) have 
been determmed at several lomc strengths These results, together with the 
available data m the Uteiuture for serum albumin B, egg albumin, and j9-lacto- 
globulm have been used to compare values for the valence calculated from 
measurements of titration, electrophoresis, and membrane potentials. The 
results indicate that the usual mterprctation of titration curves is open to 
serious question By extrapolation of the titration data to zero lomc strength 
and protein concentration, there results an “mtnnsic” net charge curve dc 
scribing the bindmg of (OH”) ion alone. This curve agrees closely, in each 
case, with values of the -valence calculated from mobflity data (which m turn 
are m dose accord with those estimated from membrane potential measure- 
ments) The experimental btxatioa curves m the presence of appreciable 
quantities of ions and protem deviate widely from the ideal curve. It is sug- 
gested that under these conditions, binding of -undissoaated add (base) leads 
to erroneous values for the net charge. This binding would not affect the 
electrophoretic mobihty 

Values of tlie net charge obtained by the two extreme models from electro- 
phoretic data are m agreement within 15 to 20 per cent The agreement be- 
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over the pH range investigated the binding of ions other than hydrogen to pro- 
tein IS relatively independent of pH Two types of interactions of these ions 
with protein would be expected to be nearly independent of pH One is ad- 
sorption of ions like Na+ or Cl" by non-polar parts of the molecule The other 
IS ion pair formation between the electrolyte ions and the charged groups of the 
pro tern molecule (36) Ion pair formation should be mdependent of pH only 
m the neighborhood of the isoelectric pomt, where the net charge of the protem 
IS small compared to the total charge We have therefore restricted our con- 
siderations to this region 

Stemhardt (13), moreover, has obtamed results which mdicate that undis- 
QCiated aad, such as HCl, is bound to protein along with hydrogen ion. This 
IS equivalent to saying that ion pairs of H+ Cl~ tend to be taken up by the 
protem molecule Under conditions where this effect is appreciable, the titra- 
tion curve would yield too high a value for the valence, smce the bmdmg of 
molecular HCl would remove hydrogen ions from solution and contnbute to the 
experimental titration curve but should not affect the net charge Hence it 
would not affect the electrophoretic mobihty 
Let us consider the bmdmg of hydrogen ions involvmg only the acidic and 
basic groups of the protem molecule In this case, if we make the assumption 
that this bmdmg is essentially mdependent of lomc strength, it is possible to 
obtam what may be considered the tnlnnstc net charge curve (the titration 
curve concerned with the bmdmg of hydrogen ions alone), by extrapolatmg 
the experimental titration curve to zero lomc strength and zero protem con- 
centration By hypothesis, this curve would apply at all values of ionic 
strength To correct for the bmdmg of other ions, such as Cl-, the titration 
curves were shifted vertically, so that the zero pomt for acid or base bound 
corresponded with the isoelectric pomt detenamed by electrophoresis 
As Abramson (12) has suggested, it seems likely that, as results on additional 
proteins become available, mdividuals similar to gelatm, whose isoelectnc 
pomt IS hardly shifted by lomc strength, will be encountered It is possible 
that jS-lactoglobulm is one of these cases, for its isoiomc pomt is unaffected 
by salt (Fig 7) and is identical with its isoelectric pomt, at least at ^ = 0 02 
A comparison of the valence curves is possible, therefore, under conditions that 
are free from any question as to the vahdity of the vertical adjustment 
The experimental titration curves, however, deviate very markedly from the 
ideal one at higher values of lomc strength and protem concentration Cannan, 
Hibnck, and Palmer (6, 27) have attnbuted these deviations to the effect of 
salt on the dissociation constants of the ammo and carboxyl groups, combmed 
with an activity effect on the composite protem ion On the other hand, we 
prefer, as a first approximation, to attribute these effects to the bmdmg of 
undissociated acid to the proteins The magmtude of this bmdmg would de- 
pend on the activity product of amons and hydrogen ions m the solution and 
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would therefore be a function of pH, salt concentration, and protein concen 
tration In basic solutions binding of pans, such as K+ and OH", to protein 
may also occur 

It will be recalled that values of the net charge of protein molecules obtamed 
from electrophoretic data by the use of the two extreme models, the elongated 
rod and the hydrated sphere, agree withm 15 to 20 per cent Furthermore, m 
each case they agree very well with the mtnnsic net charge curve for values of 
the valence obtamed from titration data by means of our assumptions On 
the other hand, the dashed lines, which represent the net charge calculated on 
the assumption that no molecular HCl is bound to protem, deviate widely from 
the other results 

The agreement between the rod like model and the titration data is some- 
what better than that for the sphere but it should not be concluded that these 
proteins arc unhydrated rods instead of hydrated spheres It is probable that 
the proper model lies somewhere between these extremes, » c , a less extended 
rod with some hydration. 


&U11UAS.Y 

By the use of two extreme models a hydrated sphere and an unhydrated rod 
the valence (net charge) of corpuscular proteins can be successfully calculated 
from electric mobility data by the Debye-Hlickel theory (modified to mclude 
the effect of the ions m the ion atmosphere) m conjunction with the electro- 
phoretic theory of Henry As pomted out by Abramson, this permits a com 
panson with values for the valence from titration data 

Electrometric titration measurements of serum albuimn B (Kckwick) have 
been detenmned at several lomc strengths These results, together with the 
available data m the literature for serum albumm B, egg albumm, and /S-lacto- 
globulm have been used to compare values for the valence calculated from 
measurements of titration, electrophoresis, and membrane potentials. The 
results Indicate that the usual interpretation of titration curves is open to 
serious question By extrapolation of the titration data to wro lomc strength 
and protein concentration, there results an “mtnnsic*’ net charge curve de- 
scribmg the binding of H'*' (OH~) ion alone This curve agrees closely, m each 
case, with values of the valence calculated from mobihty data (which m turn 
are m dose accord with those estimated from membrane potential measure- 
ments) The experimental titration curves m the presence of appreciable 
quantities of ions and protem deviate widely from the ideal curve. It is sug 
geated that, under these conditions, bmdmg of undissoaated aad (base) leads 
to erroneous values for the net charge This bmdmg would not affect the 
electrophoretic mobflity 

Values of the net diarge obtamed by the two extreme models from electro- 
phoretic data are m agreement withm 15 to 20 pci cent. The agreement be- 
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tween the cylindrical model and the titration data is somewhat better m each 
case than with the sphere, i e , this comparison enables a choice to be made 
between asymmetry and hydration m the interpretation of results from sedi- 
mentation and diffusion measurements on proteins It is concluded that the 
proteins discussed here are somewhat asjmimetnc and also hydrated 
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THE ACTION OF SULFONAMIDES ON THE RESPIRATION OF BAC 
TERIA AND YEAST 

iNHmraoN oj Bactehial akh Yeast Caeboxyl^ses by Suljonamidk 
Drugs Stsucturally Related to Cocarboxylase* 

B-i U. G SEVAG M SHELBURNE and STUART MUDD 

{From the Depcrimcnt of Bactenclogy^ The School of Medtcuie, Umverniy of 
PaiTtsyhania Phtladelpha) 

(Rcccjvtd for pubUcatloD, Mjrcb 2S, JP42) 

In the previoua three commimicationa on the merhaniam of action of sulf 
anflamide, Sevag and Shelburne (I) reported that this drug pnmanly blocted 
bactenal cell respiration in the absence as well as in the presence of active 
growth The inhibition of aerobic and anaerobic respiration resulted m the 
proportional inhibition of growth under the conditions used ^Ammobenzoic 
aad often reversed partly or completely the inhibition of respiration by 
snlfanilamide 

On the basis of the abo\ e findings and those of others reviewed previously (1), 
a theory correlating the drug action with the similarity of chemical structures 
of the drugs and the coenrymes was formulated It was stated that 
the chemotherapeutic substances which have structural similarity to the whole, 
or part of the cocnzyme molecules may combme specifically with the protem 
earner of the re^lratory enzymes — the result being the displacement of the 
coenzymes by the drug and the formation of on inactive “enzyme-analogue” 
or the formation of a hypothetical “drug protem-coenzyme” complex. 
These being incapable of oxidizmg glucose, bacterial respiration and growth are 
inhibited In advancmg this theory reservations were made to account for 
the activity of such drugs as do not jxisscss structural aunilanty with the known 
coenzymes In such cases mutual affinity between the drug and the specific 
enzyme proteins was considered as a possible deter mining factor 

In accordance with the above theory sulfepyndme, for example, with its 
pyridme rmg was mentioned as a potential competitor of cotymase I and IT, 
and sulfathiazole (likewise sulfadiaziiie) of cocaiboxylasc These coen^Tnes 
are present m the reEpiratoiy systems of most livmg cells. They, therefore, 
offer the first pomt of attack m detcrmming which link m the chain of reactions 
associated with the metabolism of glucose Is affected most by a given sulfon- 
amide drug 

* Article IV In a senes on the mechanism of sulfonamide action. The present study 
was conducted under grants from the Josioh hlacy, Jr , Foundation and Merck and 
Company 
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Bacterial and yeast carboxylase systems were chosen for this study as one of 
the means to test and corroborate the imphcations of the above theory The 
decarboxylation of pyruvic aad by carboxylase is of almost umversal occurrence 
m hvmg cells This reaction, carried out under anaerobic conditions, is prm- 
cipaliy a one-step reaction, and is relatively free from the mterference of side or 
paraUel reactions The effect of the drugs will be, therefore, directly on the 
carboxylase system To obtam clearer insight mto the relative importance of 
various rmgs and radicals m the molecules of the drugs m inhibiting the car- 
boxylase system, the widely used sulfonamide drugs, their homologues, and 
their simple components were studied comparatively 

The Enzyme Systenis Studied 

DETERiUNATION OP THE CARBOXYLASE ACTtVITY OP BACTERIA AND YeASXS — 
Pneumococcus Type 1, Streptococcus pyogenes (C2031VI), Staphylococcus aureus, 
Escherichia coh, and brewer’s and baker’s yeast were studied to determine the optimal 
conditions of their carboxylase activity The experiments were earned out anaero- 
bically m an atmosphere of 95 per cent mtrogen and 5 per cent CO 2 in the presence 
of sodium pyruvate solution The CO 2 evolved was measured manometneaUy with 
a Barcroft-Warburg set-up All of the gas evolved was absorbable if KOH was 
placed m the inset tube of the vessel, showing the evolved gas to be CO 2 
Pneumococcus Type 1 — Suspensions of Pneumococcus Type 1, washed and un- 
washed, grown for 4 and 16 hours in serum broth, m the presence and absence of 
catalase (to eliminate H 2 O 2 formed durmg growth), were tned out m three separate 
experiments at pH 6 In no case did decarboxylation of pyruvate take place In 
parallel expenments the addition of 1, 5, 10, and IOO 7 of cocarboxylase and of 0 1 mg 
of Mg did not produce any activity Decarboxylation of pyruvic acid by pneumo- 
cocci ( 2 ) evidentally takes place by a different route and will be discussed later 
Streptococcus pyogenes — In contrast, similar expenments with Streptococcus 
pyogenes (C203h'I) grown for 16 hours m serum broth showed a residual carboxylase 
activity This activity was markedly augumented by the addition of cocarboxylase, 
33 c iTtm of CO 2 were evolved m the absence of cocarbo^lase while 124 c mm of 
CO 2 were evolved when IOO 7 of cocarboxylase were added In a second experiment 
a dense suspension of streptococa grown for 16 hours did not show any activity m the 
presence of 0 0517 11 pyruvate, but the addition of 25^ of cocarboxylase caused the 
evolution of 72 c mm of CO 2 withm 150 mmutes An mcrease of SO to IOO 7 of 
cocarboxylase did not improve this activity The activity bemg too small, this 
organism was not further employed m the present stud> 

Staphylococcus aureus — ^Fresh suspensions of Staph aureus grown for 4 to 16 hours 
exercised umform carboxylase activity, 4 mg of cocci produemg 400 c mm of CO 2 
in 120 minutes The dry weight of bactena was estimated by nucro-Kjeldahl nitrogen 
determination The mtrogen values were multiphed by 7 2 as the protein factor, 
assurmng that the organism contains 14 per cent nitrogen 

Carboxylase Acitmly before and after Drying Staphylococcus aureus from the Frozen 
— ^Xo have uniform carboxylase activity, it is necessary that the weight of the 
samples used m the daily expenments be identical Samples of Staph aureus dned 
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Uintte Umin 

Fio 1 Decarboxylation of pyruvic acid in StapJu aurexa Curves I, n, and lit 
represent the activity of 14 4, 7 J and 3 6 mg respectively of fresh Staph. avTtus 
Curves lA IIA and IIIA represent the activity of 14-4 12 and 3 6 mg , respectively 
of staphylococa dned from the froien stale 

study of the fresh and the corresponding dned samples of equal weights (Fig. 1) 
show that on drying from the froien state staphylococa experience practical^ no 
loss of carbo:tylase activity The addition of 1 to lOy of cocarboi^lase to the rcac 
tion system did not mcrease the activity of staphylococa 

Optunal Carboxylajc Activity of Drud*‘Stapbylococci — Expeiuncnts were earned 
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out to determine the optimal activity as a function of pH and as a function of con- 
centration of substrate The results are given in Table I 
Removal and Resiorahon oj Carboxylase AchvUy of Staphylococcus aureus — ^To test 
whether the CO 2 evolved was due to carboxylase the followmg experiments were 
earned out Fresh suspensions or suspensions of staphylococci dried from the 
frozen state were treated accordmg to the method of Lohmann and Schuster (3) to 
remove cocarboxylase Pure cocarboi^Iase (Merck) was then added and the de- 


TABLE I 

Carboxylase Acimly of Dned Staphylococcus aureus As a Function of pH and of Substrate 

Concentration 


pH* 

COi/2 hra 

Pyruvste 

COi/2 hrs t 


cjnm 


c^m 

7 28 

284 

0 017 Ai 1 

231 

7 10 

279 

0 034 u 

332 

6 54 

380 

0 052 u 

399 

6 13 

416 

0 068 u 

' 492 



0 10 M 

430 


*Tbe system contamed 03 cc (26 4 mg) pyruvate m a volume of 5 8 cc (0 0517 u) 
Weight of organisms per vessel 0 55 mg of mtrogen, or 3 96 mg of dry cocci Phosphate 
u/125 Temperature 37 5® C 

t The experiments were earned out at pH 7 16 m consideration of the inhibition experi- 
ments with drugs which have greater solubility at this pH than at the pH of optimal activity 
The reaction system was identical with that used m pH experiments except for varying quanti- 
ties of pyruvate 


TABLE n 


Carboxylase Activity of Staphylococcus aureus before and after Treatment 


Untreated 

Treated with 

M/IO NajHPOi 

Washed once with saline 

Loss of activity 

c mm COi 

e mm COt 

e mm COt 

ftr cent 

508 

245 

— 

52 

721 

466 

— 

36 

552 

1 

297 

46 


carboxylation of pyruvate was measured Treatmg the fresh suspensions of 4 hour 
staphylococci with ii/lO NasHPO^, accordmg to Lohmann and Schuster, did not 
noticeably affect the carboxylase actmty A sample which liberated 862 c mm of 
CO 2 before treatment hberated 798 c mm of CO 2 after treatment, (7 per cent reduc- 
tion of activity) With the addition of IO 7 of cocarboxylase to the treated sample, 
843 c mm of CO 2 were evolved 

On the other hand, if the staphylococci are dried from the frozen state and then 
washed with either ir/10 NaiHFOs or 0 85 per cent NaCl the activity is reduced about 
50 per cent (Table H) The lost activity is nearly completely restored by the addition 
of cocarboxylase The activity of ii/lO Na 2 HPOi treated samples was restored to 
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76-85 per cent of the onginal on adding IOO7 of cocarboxylaae. The activity of the 
saline "wMlied sample was restored to 92 per cent of the onginal with 50 7 of cocar 
boxyUse.^ 



Fig, 2- Decarboxylation of pyruvic add m B colt. CurvesI U, and HI represent 
the activity of 432 1 73, and 0 86 mg (respectively, of fresh Curve lA repre- 

sents the activity of 4 32 mg of B, celt dned from the froicn state. 


^ The aerobic metabolism of pyruvic add in SUipk aureus has previously been m 
vestigaled (4 5) In connection vnth the present study the reader is referred to a 
paper by Krehs (6) on the anaerobic dismutation of pyruvic aad m Staph, aureus and 
Staph albus According to Krebs, following the decarboaylatlon of one 
pyruvate the resulting acetaldehyde with a second mole of pyruvate ^ 
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Carboxylase Activity of Escherichia colt —In contrast to Staph aureus, the suspen- 
sions of jE coh grown m glucose broth for 16 hours, twice washed with sahne, and dried 
from the frozen state, were found completely inactive When washed with ii/15 phos- 
phate buffer at pH 6, and then dned from the frozen state, a sample of 2 2 mg of 
E coh liberated 234 c mm of CO 2 m the presence of 0 0517 m pyruvate, but in later 
expenments the dned orgamsms had pracbcally lost their activity In all the daily 
inhibition expenments, therefore, fresh suspensions of E coh, twice washed with m/1S 
phosphate buffer of pH 7 1 and standardized with a photoelectnc turbidometer, were 
used. In an expenment the carboxylase activity of the fresh and dned suspensions 
of equal E coh content was measured comparatively The results are given in Fig 2 

Yeast and Carboxylase prepared from Yeast — The carboxylase activities of air-dned 
20 mg samples of three different yeasts were measured at pH 6 23 The CO 2 evolved 
dunng a penod of 90 minutes was as follows brewer’s fresh bottom yeast, 752 c mm ^ 
baker’s yeast, 575 c mm , ale yeast, 531 c mm 

Usmg the method of Green, Herbert, and Subrahmanyan (7) the carboxylase pre- 
pared from an old batch of air-dned brewer’s yeast had httle activity, a preparation 
from ale yeast was inactive A preparation from fresh air-dned brewer’s yeast had a 
fair activity This solution after dialvsis contamed 0 256 mg of N /cc No attempt 
was made to punfy this preparation by fractionation for inhibition expenments 
0 6 cc of preparation containing 015 mg of N evolved 90 c mm of CO 2 at pH 6 
withm 3 minutes At pH 7 16, 0 2 cc of a sample (20 cc sample dialyzed overmght 
against 1 hter of distilled water) hberated 161 c mm of CO 2 withm 60 minutes m com- 
parison to a non-dialyzed sample which hberated 190 c mm of CO 2 Under identical 
conditions 5 mg of air-dned fresh brewer’s yeast hberated 234 c mm of CO 2 

Inhibition of Carboxylase by Sulfonamide Drugs and Their Derivatives 

The inhibitory effect of sulfonamide drugs and derivatives on the carboxylase 
activity of Staph aureus, E coh, baker’s and brewer’s yeast, and a carboxylase 

lactate and acetate, and this reaction is the preferential one Stud 3 nng this reaction 
aerobically he found that 0 1 m of pyruvate consumed 328 c mm O 2 , and anaerobically 
evolved 249 c mm CO 2 within a 95 mmute penod In our expenments 0 1 ai of 
pyruvate consumed 52 c mm O 2 and evolved 651 c mm total CO 2 (free and bound as 
NaHCOs), within a 120 minute penod Anaerobically 0 1 ir pyruvate evolved 430 
c mm CO 2 In parallel expenments, the oxygen consumed bv 0 1 M pyruvate was 
52 c mm m contrast to 286 c mm O 2 consumed by 0 05 M lactate These results show 
that the dismutation of pyruvate to lactate progresses at a very much slower rate than 
the decarboxylation of pyruvate Within a 2 hour penod, under the conditions of our 
expenments, not more than 10-20 per cent lactate could have been formed This 
small percentage of dismutation of pyruvic aad to lactic aad does not introduce an 
error into the interpretation of the results of the present study from the point of view 
of the action of sulfonanudes on the activity of carboxylase 

The discrepancy between our results and those of Krebs is of quantitative nature 
and not one of pnnciple This is no doubt due to the difference of strains of Staph 
aureus used, conditions of culture, and of expenments Such differences in bactenal 
metabohc activity have been reported frequently (2, 5) 



TABLE m 


Ptr Cent Inkiinihn of tiu Carboxylaso Activity of Baettria and 7taH by Stdfonamido Dmp 



* Cryoebem dried 16 hour culture* 


** In a comparative study the inhibltiaQ of the carbozylJLSe activity of Staphylococcus 
aurtus at the end of 120 minutes was 50 per cent with sulfothlorole 15^ percent with 
2 *aii]kiothia 2 o\e no cSect was observed with 2-ainlnopyiimIduie or with 2 amlnopyridine. 
The effect on E. coll was 46*3 37 4 4 1 and 10 1 per cent inhibition respectively The In 
hibitoiy effect on yeast carboxylase activity was 42 6 4 7 4 and 3 per cent respectively 
The molanty of all drugs wos 5 J2 X 10~* 

t Fresh 16 hour culture* ^ 

{ Smaller values obtained with 5 mg of >‘cast larger values obtained with 10 mg of 
Q Dialysed^ 


811 
















812 


EESPIS.ATION OF BACTERIA AND ^AST 


preparaboa from brewer’s yeast was studied In these experiments the op- 
timal conditions of carboxylase activity as descnbed above were employed. 

Sparing solubihty of some of these substances limited the maximum concen- 
tration to 1 38 X 10-® it Where it was possible other drugs were compared at 
a concentration of 5 52 X KH h as well, and sulfanilamide up to 27 <S X 1(H 
M The drugs were dissolved m a salme-phosphate mixture of pH 7 16 (90 
cc sakne -f- 10 cc ai/lS phosphate buffer), heated to 56°C if necessary 
The reaction system contamed. m a volume of 5 8 cc , the drug as mdicated m 
Table Ht, the suspension of organisms, 0 1 mg of Mg as magnesium chloride and 
26 4 mg of pyruvic acid (0 051 7 m) neutrahred to pH 7 1, and a final phosphate 
buffer concentration of 21 / 125 Pyruvate m a volume of 0 5 cc was mtroduced 
mto the system from the side arm after temperature equihbration of the system 
Although the optimal carboxylase activity takes place at pH 6 0, a system at 
pH 7 10 was used m consideration of the greater solubility of the drugs at this 
pH The duration of the experiments was 120 mmutes The dry weight of 

TABLE IV 


Staph aureus before solfatbuiole treatment 


Cautrol 

SulfatiuMole present ^ 

Control' 

I Solfathuiole present! 

emm CO 2 

402 

1 US X i(r> if 
332 

sstytso-su 

246 

I 

402 

\ iJS X Kf M ' 
' 335 1 

SJZ X lO"* if 

269 


Staph aureus after $ullatbIiaoIe treatment 


* Sulfathmzole removed by washing 

t Sulfa thiazolc removed by naslung and added agam to the system 


daily samples (per reaction system) of Sfaph aureus was 4 mg , E coh 3 96 
mg , and 5 to 10 mg of arr-dried brewer’s yeast (Table m ) 

Renmal of Suljathuizole from Sulfathtasole-Treaied Staphylococcus aureus 

In the previous commumcation it was suggested that the drugs either com- 
bme with the enzyme system formmg a “drug-protem-coeniyme” complex or 
displace coentyme formmg a “drug-protem” enzyme analogue 

The result of the experiment, given m Table IV, does not give evidence of 
displacement of cocarboxylase, the drug may possibly have formed a hypo- 
thetical reversible “drug-protem-cocarboxylase” complex A fresh 16 horn- 
culture of Staph aureus was washed with ii/15 phosphate buffer of pH 7 16 
A dense 2 cc suspension was treated with 30 cc of 5 52 X 10~*M sulfathiazole 
solution for 35 mmutes at 37 5“C The suspension was then centrifuged and 
twice washed with phosphate buffer A control contammg no sulfathiazole 
was given identical treatment The CO3 production was then measured m the 
Barcroft- Warburg set-up 

DISCUSSION 

Suspensions of Streptococcus pyogenes exercised weak carboxylase activity 
The addition of 25-100 r of cocarboxylase (Merck’s) to the reaction ^stem ac- 
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celerated carboxylase activity several fold. It appears that the carboxylase of 
the suspcnfflon of this organism is impaired m some manner, or perhaps it dis 
sociates more readily than m other cells, and thereby the cocarboxylase is lost 
Barron and Jacobs (8) state that m the absence of oxygen pyruvic aad is 
spUt by hemolytic streptococci mto acetic aad and formic aad 

CHiCOCOOH + HK) • CHaCOOH + HCOOH 

Our findings show definitely that the anaerobic metabolism of pyruvic aad m- 
volves also its decarboxylation by streptococcal carbojylase 

CH»COCOOH ► CHaCHO + COi 

As far os we know thu fact has not been observed previously 
The suspensions of Pneumococcus Typo 1 did not exerose activity even m 
the presence of 1-100 y of cocarboxylasc The metabolism of pyruvic aad by 
pneumococa must therefore take place by a different mechanism* Sevag (2) 
previously showed that hydrogen peroxide formed from the oxidation of glucose 
and lactic aad reacts instantaneously with the pyruvic aad resulting simul- 
taneously, and produces acetic aad, carbon dioxide, and water In the absence 
of carboxylase m the pncumococac ceils this appears to be the pnnaple mech 
amsm of the decarboxylation pf pyruvic aad 
The production of COt from the anaerobic metaboham of pyruvic aad m 
Staph aurtui, E edt, brewer's yeast, and baker's yeast and a carboxylase 
preparation from brewer's yeast is inhibited by sulfonamide drugs to varying 
degrees The results are given m Table HL 
The results clearly show that the thiazole group is the most effective in- 
hibitor of staphylococcal carboxylase, similar ly of the E coi% carboitylase. 
Yeast carboxylase and carboxylase prepared from yeast are inhibited by the 
substances containing pynmidine, pyndme, and thiazole rings to similar degree 
except m sulfamethyldiaxme which is completely ineffective on all the organisms 
studied 

At 1.38 X ICM u concentration, 2 aminopyrimidlne and 2 ammothiazole 
show practically no inhibition of Staph aureus and K cdi carboxylases. An 
increase m concentration of 2 ammopynnudme to 5^2 X 10“* ir shows no m 
crease m inhibition However, an Increase of 2 aminothiazole to 5 52 X 10~* il 
concentration results m an inhibition three to five times as great, indicating a 
defimte affinily between this thiazole rmg and the enzyme system. With 
yeast an mcrease m molanty resulted m an mcrcase m inhibition by both 
substances (See also footnote ** to Table IIL) 

Of all the substances tested 2-sulfaaflaiiudo-5-ethyl-4-thiazolone appears to 
be the most effective inhibitor on E coh^nA Staph aureus Its effect on yeast, 
however, is about equal to that of sul&thiazolc It is mteresting to note 
that a methyl group on sulfadiazine obviates its inhibitory effect nearly com 
pletely, whereas a methyl group on sulfiithiazolc does not lessen the inhibitory 
effect on Staph, aureus and E. colt, and somewhat mcrcascs this effect on yeast. 
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Willie the mhibitmg effect of 27 6 X 1(H it sulfanilamide on Staph aureus la 
neghgibie, it mhibits E coU, yeast, and carboxylase, respectively, 41, 56 3, and 
62 per cent This shows that en^ytae proteins m these organisms exhibit 
different affinities towards this substance 

According to Buchman, Heegard, and Bonner (9) thiazole pyrophosphate 
markedly inhibits the activity of cocarboxylase Neither thiazole, nor pyro- 
phosphate alone exercised any mhibitmg effect in their experiments The union 
between thiazole pyrophosphate and carboxylase protem is stated to be 
through the pyrophosphate group which is common to both the cocarboxylase 
and the inhibitor In our study, we did not find the presence of pyrophosphate 
group an essential factor m demonstrating the inhibitory effect of the sul- 
fonamides and the thiazole rmg on the enzyme system 

A comparison of the chemical structures of the drugs containmg the pyrim- 
idine and thiazole rmgs with the cheimcal structure of cocarboxylase con- 
taunng both rmgs may help to evaluate the degree of inhibition one can expect 
them to exercise on the carboi^lase system The results m Table ni permit 
us to state that thiazole groups exercise a high degree of speci&c inhibition on 
the Staph aureus and the E coh systems On the other hand, the carboxylase 
system of yeast and a carboxylase preparation from yeast are equally affected 
by sulfonamides containmg pyrimidine, thiazole, and pyndme rmgs, sul- 
famethyldiazme, however, is completely meffective on all the organisms studied 
Sulfamlamide appears to possess the smallest affimty for the enzyme system 
However, it is a potential inhibitor, and this potentiahty demonstrates its 
power when rmgs such as pyndine, pynmidme, and thiazole are attached to 
the sulfamido group 

It is mterestmg m this connection to refer to the observation made by 
Rammelkamp and Jewell (10) on the effect of sulfadiazine and sulfathiazoie 
on the growth of Staph aureus They found that sulfathiazoie added to blood 
exercised a somewhat greater effect than sulfadiazme against staphylococci 
Moreover, the action of sulfathiazoie becomes manifest at lower concentrations 
When the drugs were administered orally, sulfathiazoie mvariably produced an 
increase m the bactericidal action of the blood as great or greater than sul- 
fadiazme, even though the concentration of sulfadiazme was twice that of 
sulfathiazoie Similarly the results obtamed by Straus, Dmgle, and Finland 
(11) show that sulfathiazoie is about 4 times as effective as sulfadiazme, 8 times 
as effective as sulfamlamide, and 5-6 tunes as sulfapyndme on the growth of 
Staph aureus Then comparative studies (11) on the inhibition of the growth 
of E coh with these drugs yielded similar results In this case, sulfathiazoie 
was 5 times as effective as sulfapyridme, twice as effective as sulfadiazme and 
40-50 tunes as sulfamlamide 

The results given by us m Table HI seem to corroborate satisfactorily the 
findmgs of the above ated mvestigators The relative effectiveness of these 
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drugs on the inhibition of growth and the inhibition of the metabohsm of 
pyruvic acid seems to pomt to a possible direct relationship, emphasizmg the 
importance of pyruvic acid metabohsm durmg the multiphcation of these 
organisms On the other hand the failure to find carboxylase in pneumococci 
suggests that sulfathiazole may inhibit some other en 2 yme than carboxylase 
m these microorganisms 

If the sulfonamide drugs exercise their mhibitory effect on en^mes m part 
by vntue of the similanty of their structure to the coenzyme molecule, as 
the results presented m this study appear to mdicate, then another group of 
biologically active substances, such as vitamins and vitamm derivatives, 
structurally related to both the drugs and the coenzymes, might be expected 
to modify the inhibitory action of the drugs The present study is being 
followed by an mvestigation of this problem 

Smce cozymases, like carboxylases, are umversally present m the respiratory 
enzyme system, the possible relation of the acbon of sulfonamides to the 
structural similarity existmg between them and the cozymases must likewise 
be mvestigated The result of such an mvestigation wdl no doubt be signifi- 
cant from the pomt of view of the theory concernmg the mechamsm of anti- 
bacterial drug action 

The authors wish to express theur thanks to Mr J Smolens for the mtrogen 
determmations and to Mr M Ibsen for the techmcal assistance rendered 
Thanks are due also to Merck and Company, Dr M L Moore of Sharp & 
Dohme, and Dr R 0 Robhn, Jr , of the American Cyanamid Company for 
some of the substances used m this mvestigation 

SUMMARY 

The inhibitmg effects of sulfonamide drugs and then derivatives on the anae- 
robic decarboxylation of pyruvic aad by Staphylococcus aureus, Escherichia coh, 
baker’s and brewer’s yeast, and a carboxylase preparation from brewer's yeast 
have been mvestigated These drugs are sulfanilamide, sulfapyndme, sul- 
fadiazme, sulfamethyldiazme, sulfathiazole, sulfamethylthiazole, sulfanilamido- 
5-ethyl-4-thiazolone, 2-ammopyrmiidme, 2-ammothiazole, and 2-ammopyndme 

The sulfathiazole rmg appears to exercise decidedly greater specific mhibitmg 
effect on the carboxylases of Staph aureus and E coh The mhibitmg effect 
on yeast carboxylase is non-differentiable among all the substances tried, 
except sulfamethyldiazme which is completely meffective on the carboi^lases 
of the organisms studied 

The specific inhibitory effect of sulfathiazole on the carboxylases of Staph 
aureus and E coh m comparison to sulfanilamide, sulfapyndme, and sulfadi- 
azme is m harmony with in vivo and in vitro experimental results of other 
mvestigators 
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The results of the present investi^tion appear to support the hj'pothesis 
(1) that sulfonamides exert their bacteriostatic action through chemical affinity 
for the earner protems of certam respiratory enzymes of the bacterial cell, nnH 
that this affinity may m part he related to structural simflanty between com- 
ponents of the drugs and the correqx)ndmg re^iratory coena^mes 
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ENERGY, QUANTA, AND VISION* 
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{Prom the LaboraUnry of Biophysta, Cdumbta Umverstiy, New York) 
(Received for pobllcatioQ, March 30, 1942) 

I 

Threshold Energies for Vision 

The minimum energy required to produce a visual effect achieves its sig- 
nificance by virtue of the quantum nature of hght Like all radiation, light 
IS emitted and absorbed in discrete units or quanta, whose energy content is 
equal to its frequency v multiplied by Planck's constant h At the threshold 
of vision these quanta are used for the photodecompoaition of visual purple, 
and m conformity with Einstein's equivalence law each absorbed quantum 
transforms one molecule of visual purple (Dartnall, Goodeve, and Lythgoe, 
1938) Smce even the earliest measurements show that only a small number of 
quanta is required for a threshold stimulus, it follows that only a small number 
of pr imar y molecular transformations is enough to supply the initial impetus 
for a visual act The precise number of these molecular changes becomes of 
obvious importance in undeistandmg the visual receptor process, and it is 
this which has led us to the present mvestigation 
The first measurements of the energy at the visual threshold were made by #• 
Langley (1889) with the bolometer he mvented for such purposes (Langley, 
1881) He found the energy to be 3 X 10~* ergs for hght of 550 m/n Langley 
worked before the physiobgy of vision was understood, so that he used the 
wrong hght and took none of the precautions now known to be necessary, 
even so, bis results arc too high only by a factor of 10 
In the fifty years since Langley there have been eleven efforts to redetermine 
the minimum energy for vision We have carefully studied all these accounts 
and have done our best to evaluate the measurements Unfortunately, many 
of them contom serious errors which mvahdate them Most of them mvolved 
no direct energy detenmnatbns, instead, the mvcstigators reUed on previously 
measured energy distributions m standard sources and mode elaborate compu- 
tations from them Only a few can be considered as reliable 
After Langley, the carhest paper is by Grijns and Noyons (1905) Their 
data differ widely from all other measurements and cannot be accepted even 

• A prdiminaiy report of these measurements was published m Scunce (Hecht, 
Shlaer, and Pirenne 1941) and presented to the Optical Society m October, 1941 
(Hecht, 1942) 

t Fellow of the Belgian American Educational Foundation 
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though It IS hard to discover their precise errors because the descnption is too 
obscure Zwaardemaker (1905), m whose laboratory their measurements 
were made, reports some of his own rough determinations, which turn out to 
be near Langley’s Neither Gnjns and Noyons nor Zwaardemaker actually 
measured the energies mvolved, but rehed on Angstrom’s (1903) determinations 
of the energy distribution m the Hefner lamp 
The best of the early efforts is by von Knes and Eyster (1907), and though 
the results mvolve many calculations, they come very close to the most carehil 
of modem measurements Von Kries and Eyster made no duect energy 
determinations, they measured bnghtnesses, durations, and areas The 
conversion of these factors mto final energies requires skill and care m the 
evaluation of absorptions, reflections, lens factors, and the like, and it is 
gratifymg to see the admirable way m which von Kries accomplished this task 

TABLE I 


Minimum Energy for Vision 


Wavelength 

Energy 

No of quanta 

Source 

WM 

SOS 

trgr 1 

0 66-1 17 X 10-“ 

17-30* 

Chanton and Lea (1929) 

507 

13-26 X 10"“ 

34-68 

von Knes and Eyster (1907) 

530 

i 

X 

7 

40-90 

Barnes and Czemy (1932) 


* For mespeneaced observers 


Computations from star magmtudes were made by Ives (1916) and by Rus- 
sell (1917) However, neither they nor Reeves (1917) and Buisson (1917), 
who both reproduced star observations m the laboratory, employed the best 
physiological conditions for the measurements Moreover, none of them took 
consideration of the different lummosity curves for rod vision and cone vision, 
and used the latter as standard m the computations 
Direct energy measurements were made by du Noiiy (1921), but his work 
mvolves serious physical errors, and his results are too low by a factor of more 
than 100 — so low mdeed as to seem impossible 
The most recent determmations are by Chanton and Lea (1929), by Went- 
worth (1930), and by Barnes and Czerny (1932), all of whom agree m the 
order of magmtude of their results Wentworth’s exposures were too long to 
yield mmunal values, otherwise her work is excellent She measured the 
energies mvolved, which Barnes and Czemy also did, but not as directly 
From these twelve researches, we have chosen the three sets of measure- 
ments which are free from what can now be recognized as obvious error 
These are given in Table I Even though they differ by a factor of about 3, 
these data can be considered as roughly confirmmg one another However, 
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qmrpi for OUT puTposcs a factoF of 3 cannot be ignored, we undertook to make 
the measurements again, but imder the best physical and physiological 
conditions. 

n 

Visual Condiiwns 

The circumstances which will yield the msTimiim retinal sensibihty have 
been adequately known for years They mvolve dark adaptation, penpheral 
vision, test fields, short exposures, and selected portions of the spectrum 
Complete dark adaptation a stay of at least 30 m the dark 

before measurements can be begun (Piper, 1903, Hecht, Haig, and Chase, 
1937) After thorough dark adaptation the periphery of the retina is much 
more sensitive than its center The greatest density of rod elements begins 
at about 18® out (0sterberg, 1935), and expbration shows that between 20 and 
30® from the center there is a region of maximum sensibflity to light (Went 
worth, 1930) The variation withm this region is not large, and for con- 
vemcnce we chose a retinal area situated 20® temporally on the horizontal axis. 

In visual threshold measurements it has been established that the largei 
the test area, the smaller need the mtenaity be for its recogmtion {cf summary 
by Wald, 1938 a) This reciprocal relation is exact only for small areas 
Our pielitmnaiy expenments, os well as the work of other investigators, show 
a fninimum for the product of area and intensity for fields of the order of 10 
minutes diameter We therefore chose a orculai retinal area of 10 minutes 
diameter for the test field 

The energy required to pass over the visual threshold mvolves an approii 
mately reaprocal relationship between mtensity and time of exposure For 
exposure* shorter than 0 01 second, the reciprocal relation holds perfectly 
(Graham and Margano, 1935) To be sure of fallmg withm this most effiaent 
range, our exposures were 0 001 second long 

Finally, from the measurements of the scotopic luminosity curve (Hecht 
and Williams, 1922), it is known that for dim vision the eye is most sensitive 
to a wavelength of 510 m/q and this is the bght which we used for making the 
measurements 

m 

Apparaius and Calibrations 

The physical airangemenu may be seen m Fig 1 The light source Z, u a ribbon 
filament lamp run on constant current obtained from storage cells and measured 
potentioinetncally By means of a lens, It b focussed on the sht of a double monO' 
chromator iZii/j and finally on the artlficml pupil P The subject who sits In a 
darkcablnetmthedarkroom hashb headm a fixed position by keeping bis teeth m a 
bite orhardimprcssionofhisuppcr jaw He has his left eye next to the pupil P and 
onlookingattheredfixatlonpoIntFPbcsceithcfieldleniFZ The light mtensity of this 
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uniformly illummatedfieldisvanedmlargestepsbyth.eneutraiateisjf,andinagradual 

way by the neutral wedge and balancer W The size of the field is controlled by the 
diaphragms D Its exposure is fixed by the shutter S, and is mitiated by the subject 
For the record it is necessary to descnbe the apparatus and cahbrations m detail 
The double monochromator is made of two mdividual constant deviation mono- 
chromators, M 1 and M^,, which are arranged for zero dispersion by means of the 
reversmg pnsm RP In this way, all the hght passes through an equal thickness of 
glass, and assures a uniform bnghtness of the field lens PL The exit sht of Mi has 
been removed, and the entrance sht of Mj serves as the imddle sht of the combmed 
double monochromator The entrance and exit shts of the combmation are kept at 
1 2 mm , which corresponds to a band width of 10 mii centered at 510 mu The middle 
sht, before which the shutter is placed, is kept at 0 1 mm 



Fig 1 Optical system for measunng minimum energies necessary for vision The 
eye at the pupil F fixates the red pomt FP and observes the test field formed by the 
lens FL and the diaphragm D The hght for this field comes from the lamp L through 
the neutral filter F and wedge W, through the double monochromator M 1 M 2 and is 
controlled by the shutter S 

The field lens FL magnifies the exit sht by a factor of 2, and thus yields an image 
of It 2 4 mm wide and over 10 mm high at the pupil P The image is sufficient to 
cover uniformly not only the pupil P, but also the Imear thermopile used for the 
energy cahbration The pupil mount at P and the field lens FL are connected by a 
carefully diaphragmed and blackened tube The 2 mm circular pupil P used for 
the visual measurements can be replaced by a sht 2 mm wide and 10 mm high behmd 
which IS the receivmg surface of the thermopile for energy measurements 

Sis a precision shutter made of two parts One part is a thm circular alummum 
disc with a small sector of 10 8° removed and properly balanced It is run at 1800 
REM by means of a synchronous motor, and therefore permits hght to pass through 
the middle sht for 1/1000 second durmg each revolution The other part is a polar 
relay shutter, which, by means of a phasing commutator on the shaft of the synchro- 
nous motor, IS opened for only one passage of the rotatmg disc aperture whenever the 
subject releases a push button 
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The essentala of the shutter are shown in diagrammatic detail m Fig 2 On the 
same shaft with the disc there is mounted a commutator having a “hve’ sector, which 
together with the brush occupies somewhat less than 90® Two brushes are ananged 
on this commutator 90® apart, aTid are so phased with the a c. line voltage that one 
of these bniahca recavea only a positive impulse while the other receives only a 
negative impulse. These impulses control a polar relay which then actuates a 
pair of smgle pole, double throw micro switches, ilSi and MSi These are arranged 
with their springs m opposition m such a manner that the switches are m equilibrium 



Fio 2 Shutter for obtaining a Single exposure of 1/1000 second. The details are 
described in the text 


at either of their two positions and require but a small force and movement to lack 
tb«r> over to their other positions, hficro switch MSi u In senes with the windmg 
of PRi and m one position connects with the opening brush 0 and in the other position 
with dosing brush C The other micro switch, IXSi charges and discharges a 1 /ifd 
condenser from the 1 10 volt d c hne through the polar relay PRi These impulses 
m and out of the condenser actuate PRi whose armature movement then uncovers 
and covers the middle iht. 

The operation is seen by following a single cycle of operation of circuit and shutter 
Fig 2 shows the apparatus during its rest or closed penod The 110 volt 60 cycle 
power enters through a pole reversing switch, RS to the neutral brush on the com 
mutator The impulse through the closing brush C Is blocked smee It entcra an open 
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contact m MSi The unpulse going to the openmg brush 0 is blocked at the secondary 
contacts of the overload relay OR, the push button of which, B, is controlled by the 
observer When B is released so that contact is made, the next impulse which 
leaves the openmg brush 0 goes through the left hand contact of MSi, through the 
wmdmg of P i? 2 , and through a 2,000 ohm resistance to the other side of the power hue 
This impulse through PR 2 is adequate to throw its armature to the other position, 
thus switchmg over both MSi and MS^, and closmg the power circuit through the 
primary of the overload relay OR The activation of OR closes its armature, whose 
movement opens the secondaiy contacts attached to it, thereby breaking the circuit 
from the openmg brush 0 so that the cycle does not repeat itself The switching of 
MSi to its nght contact charges the 1 fdd condenser through PRi, which moves its 
armature and thereby exposes the sht The switchmg of MSi to its nght contact 
sets the circuit for the very next impulse through the closmg brush C to PRz This 
closmg impulse comes exactly three half-cycles or 3/120 second after the onginal 
openmg impulse, and causes PRi to return to its ongmal position Now MSi dis- 
charges the 1 /ifd condenser, which actuates PRi so that its armature moves to cover 
the sht and termmate the cycle 

The pole-reversmg switch RS enables one to select the correct polanty for the 
operation of this circuit It needs to be set only at the beginnmg of an experiment 
when the sjmchronous motor is first started 

PRi and PRi are old Baldwm speaker units m which all the sprmg tension restramt 
of the armature has been removed, they thus act as very fast polar relays An 
oscillographic study of PRi, which is essentially unloaded, shows that the micro 
switches are thrown to the nght contacts before the end of the half cycle which 
actuates it However, PRi, due to the loadmg of the shutter vane attached to the 
armature, is not nearly so fast, but opens m less than 3/120 second and closes m less 
than 4/120 second, which are the limits requned for its operation MSi and MSi 
are a pair of micro switches, type Z, — BZ-R, selected for near equahty of spring ten- 
sion They are mounted plunger to plunger with a loose bar between them This 
bar has a fulcrum at one end, and a fork at the other Inside the fork is located the 
armature of PRi The fork width is so adjusted that it offers no resistance to the 
movement of the armature except at the very end of its motion when the impact of 
the armature is sufficient to kick over both micro switches 

It was necessary to cahbrate the neutralfilters, the wedge and balancer, the diaphragm 
openmgs, and the energy at the pupil P The filters and the wedge and balancer 
were measured with our photoelectric spectrophotometer (Shlaer, 1938) at the same 
wavelength used m the experiments, and m an analogous optical position m front of the 
entrance sht of the first monochromator We first used filters and wedges made of 
gelatm, later they were replaced with neutral glass The smaller diaphragms were 
cahbrated under the microscope with a filar micrometer by measunng several 
diameters for each openmg , the larger ones were smularly measured with a comparator 
The energy density at the pupil P was measured with a Hilger hnear thermopile 
and a Paschen galvanometer The thermopile was first standardised agamst a 
standard carbon filament lamp of known energy radiation To do this we used the 
tube holdmg the pupil and the field lens, first removmg the field lens and substitutmg 
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the slit for the pupfl» and fixing the thermopiU immediately behind the sUL rhia 
assembly of tube and thennopfle waa then mounted on an optical bench so that 
the standard lamp was at the specified distance of 2 meters from the receiver of the 
thermopile The thennopUe and its end of the tube was then covered with a thermo* 
and allowed to reach thermal equOibnum Between the source and the opening 
of the tube was mounted a tnple leafed shutter with about 20 an spacing between 
the leaves. The surfaces facing the thennopUe were blackened while those facmg 
the source were shmy This shutter was used to open and close the radiation to the 
thermopile. 

The thennopfle was connected to a Paschen galvanometer, which is a movmg 
magnet type of very high sensitivity (about 2 X 10^ volts per mm. at a meter) In 
senes with the thennopfle and galvanometer was a resistance of about 0 1 ohm, across 
which known potentials could be mserted to counterbalance the potential generated 
by the thermopile, thu* using the galvanometer es a null point mstiument. The 
radiation was first permitted to faU on the thermopile, and the galvanometer brought 
back to zero by means of measured counter-potentials The radiation was then 
occluded and the counter potential switched off to check the zero of the galvanometer 
In this way we could measure large potentials corresponding to galvanometer swings 
of several meter* without actually using such scale distances The thermopile wa* 
calibrated as potential ej radiant energy density madent upon lU receivers for three 
different energy densities which covered a mn^ of about 3 to 1, and included the 
actual energy density delivered by the ribbon fi lament lamp and the monochromators. 

For cahbratmg the energy density through the monochromatoTS the field lens was 
replaced m the tube and the tube placed in its correct position m the appaiatos. 
Diaphragm D was removed, the middle aht of the monochromator was open^ to 1 5 
mm. a nd the wedge and balancers were removed. The energy was then measured 
with the same thermopfle and the same elect n ca l system. With the lamp current 
at 19 amperes the energy density at the pupil P was 27 5 microwatts per square 
centimeter with the current at 18 amperes it was 184 microwatta per square cent! 
meter In the early visual detcnninations we used the lamp at 19 amperes, in the 
later determinations at IS amperes. 

In order to convert these measurements into values of the energy at the pupil 
during the visual dctenninatioii* It is necessary to reduce the measured energy 
density by factors corresponding (a) to the change of the middle iht from 1 5 to 0 1 
mm., (6) to the change in aperture of the fichi lens from its largest openmg of 25 9 
mm diameter to the sixes of the particular diaphragms used, and (c) to the miertion 
of the wedge and balancer All these factors were known from prcviou* separate 
measurement* but we calibrated them ogam in their places m the apparatus by 
of a sensitive dry-disc photocell m place of the thermopfle behmd the thermopile sht. 
The results merely confirmed the prcviou* calibrations By applying these reduction 
factors for the wedge at its thinnest place, the middle slit at 0 1 mm the 10 minute 
diaphragm at the field lens, and the 2 mm pupil at P we found that the energy density 
through the pupil is 3 4 X 10~^ erg* per second when the nbbon filament lamp is 
runnmg at 18 ampere*. The cneigy calibrations were nm through twice several 
month* apart and agreed almost pcricctly 



826 


EJJEEGY, QUANTA, AND VISION 


IV 

Vutial Meastirements 

From the subject’s pomt of view, an expeninent involves the report of 
whether or not he has seen a flash of hght after he has opened the shutter for 
an exposure F ixation of the red pomt need not be contmuous, a cucumstance 
which avoids undue fatigue The observer is told by the operator that con- 
ditions are set and that he should try a flash when he is ready He fixates 

TABLE n 

ATintmum Etiergyfor Vuwi 

Each datum is the result of many measurements durmg a single experimental penod, and 
IS the energy which can be seen with 60 per cent frequency X =< 510 afi, hv = 3 84 X 10"^ 
ergs 


OiiKrver 

Energy 

No of quanta 

Observer 

Energy 

No of quanta 

V 

ertt X 10“ 



erjr X 10“ 


S H 

4 83 

126 

C D H 

2 50 

65 


5 18 

135 


2 92 

76 


4 11 

107 


2 23 

58 


3 34 

87 


2 23 

58 

1 

3 03 

79 

1 



1 

4 72 

123 

M S 1 

3 31 

81 


5 68 

148 


4 30 

112 

s s 

3 03 

79 

S R F 

4 61 

120 


2 07 

54 

1 

1 




2 15 

56 

A F B 

3 19 

83 


2 38 

62 





3 69 

96 

M H P 

3 03 

79 


3 80 

99 


3 19 

83 


3 99 

104 

1 

S 30 

138 


the red point, and at the moment which he considers propitious, he exposes 
the hght to his eye The operator changes the position of the wedge, or 
removes or mtroduces a filter until he is satisfied with the precision of the 
measurements 

In the early measurements we considered that the threshold had been reached 
when the observer saw a flash of hght at a given mtensity sk times out of ten 
presentations Later the measurements were made somewhat more elabo- 
rately Each of a series of mtensities was presented many tunes and the 
frequency of seemg the flash was determmed for each From the resultmg 
plot of frequency against mtensity we chose the threshold as that amount of 
hght which could be seen with a frequency of 60 per cent 

Durmg 1940 and 1941 we measured the threshold for seven subjects With 
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four vft made several detenmnationa each, extending over a year and a half, 
one subject we measured on two occasions 3 months apart, and two we 
measured only once. For all these observers the minimum energy necessary 
for vision ran^ between 2 1 and 5 7 X 10“^® ergs at the cornea These small 
energies represent between 54 and 148 quanta of blue-green hght The results 
for the mdividual subjects are m Table H, and are given as energy and as the 
number of quanta required. 

It IS to be noticed that these values are of the same order of magnitude as 
those of von Knes and Eyster and of Barnes and Czerny, but almost twice 
as large. Because of the fairly wide ranges, these previous measurements 
and our own overlap to some extent, and it is conceivable, though not probable, 
that their observers may actual^ have needed somewhat smaller energies 
than oara Chanton and Lea’s results, however, are much too smalL Actually 
their value of 17 hv is an extrapolation to zero frequency of seemg, if we take 
as threshold a 60 per cent frequency, their data come more nearly to 25 hv 
This 13 still too small a value, and is probably m error, as will be apparent in 
later sections of our paper 

V 

R^Udwns and Absorpiwns 

The values m Table II, as well as thejse of previous mvestigators, are the 
energies modent at the cornea Nevertheless the taat supposition has 
generally been made that they represent the actual energies necessary to 
imtiate a visual act. It is important to recognize that this assumption is 
incorrect. Before one can know how many quanta are required to start the 
visual proms, one must apply at least three corrections to the measurements. 

The first is reflection from the cornea. This is about 4 per cent and is 
obviously of not much importance. The second mvolves loss by the ocular 
media between the outer surface of the c»mea and the retina. It has been 
common opmion that this loss is small However, the measurements of 
Roggenbau and Wetthauer (1927) on cattle eyes, as well as the recent measure- 
ments of Ludvigh and McCarthy (1938) on human eyes, have shown that this 
loss 13 large. From the values of Ludvigh and McCarthy it appears that at 
510 m/i the ocular media transmit almost exactly 50 per cent of the hght enter 
mg the cornea of a young person, and less of an older one 

The next correction is much more difficult to evaluate with precision and 
mvolves the percentage of the energy absorbed by the retinal elements them 
selves. Smee visual purple is the photosensitive substance concerned m thiq 
particular act, light which is not absorbed by it is visually One cannot 

assume that visual purple absorbs all the hght inadent on the retinal cells. 
The fraction which it does absorb must be found by experiment. 

Koemg (1894) determined the absorption of the total amount of visual 
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purple which can be extracted from the human eye If this amount of visual 
purple IS spread evenly over the whole retma, his data show that it will absorb 
only 4 per cent of hght of 510 m/x This is a small value Nevertheless, it is 
about the same as the 4 per cent and the 13 per cent recently found by Wald 
(1938 b) with a similar method for the absorption of the visual purple of the 
rabbit and rat retmas respectively 

These figures are probably too low, first because it is unlikely that all of the 
visual purple m the eye has been extracted, and second, because visual purple 
IS not evenly distributed over the retma It is lackmg m the fovea, and even 
m the periphery the density of the rods is known to vary m a defimte way. 
However, these absorptions may be considered as lower hmitmg values. 

VI 

Visual Purple Absarpiton 

We have estimated the absorption of visual purple m the retma m a com- 
pletely mdependent manner by comparmg the percentage absorption spectrum 
of different concentrations of visual purple with the scotopic (rod) luminosity 
curve of the eye measured at the retma The comparison rests on the fact 
that the shape and width of the percentage absorption spectrum of a substance 
varies with its concentration, and that the lummosity curve must represent 
the percentage absorption curve of a particular concentration of visual purple 
m the retma 

Fig 3 shows the absorption spectrum of frog's visual purple as determined 
by Chase and Haig (1938) m our laboratory, by Lythgoe (1937) m London, 
and by Wald (1938 b) at Harvard The agreement of the data is obvious, and 
shows that the absorption spectrum of visual purple may be considered as well 
established Table lU gives the average of these three senes of measurements 
computed so that the maximum density at 500 mu has a value of 1 

From these data m Table HI we may prepare a senes of percentage absorp- 
tion spectra for different concentrations of visual purple Smce we are not 
mterested m the absolute concentration of visual purple, but rather m its 
absorption capacities, we can deal with the senes of percentage absorption 
spectra entirely m terms of maximum absorption It will be recalled that the 
photometric density d is related to the transmission /t by the equation d =Iog 
(l/7t), and smce the absorption /„ = 1 — h, it is a simple computation to 
find the percentage absorption correspondmg to any density value, or the re- 
verse 

We have made such computations for a variety of visual purple densities, 
and Fig 4 shows the resulting percentage absorption curves for the different 
rngvimal absorptions of visual purple For comparisons among the curves in 
Fig 4 the have all been made equal to 1, but their actual values are 
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indicated in the figure. It la clear that the width of the curves increases as the 
concentration of visual purple increases 
The scotopic luminosity curve, as measured experimentally, records the 
reaprocal of the relative energy m different parts of the spectrum required for 
the production of a constant and very low brightness in the eye (Hecht and 
Williams, 1922) If this is to be compared with the absorption spectrum of 



Wavelength 


Fig 3 Absorption spectrum of frog's vnoal purple- The data from the three 
sources have been made equal at 500 m^. 

visual purple, it must be converted mto a quantum lummosity curve instead 
of an energy h im moaity curve, because It is the number of quanta which deter 
mines the photochemical effectivenesa of light and not just its energy content 
(Dartnall and Goodeve, 1937) Moreover, smee our mterest lies m retinal 
comparisons, the luminosity curve must be corrected for ocular media absorp- 
tion in terms of the data of Ludvig and McCarthy 
The scotopic lumino^ty data have been corrected m these two ways, the 
computed values arc given in Tabic IV and shown as ordes in Fig 5 Included 
in the same figure are two percentage absorption spectra of visual purple the 
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tipper curve represents 20 per cent zoaxudaI absorption, wlule the lower curve 
IS 5 per cent maximal absorption 


TABLE m 


Absorption Spectrum of Visual Purple 

Average of data from Chase and Haig (1938), Wald (1938 b), and Lythgoe (1937) 
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Fio 4 Percentage absorption spectra of vanous concentrations of visual purple 
For convenience m companng the shapes of the curves, then maxima have all been 
equated to 1 and superimposed The actual fraction absorbed at the maximum is 
shown for each curve It is apparent that with mcreasmg concentration the absorp- 
tion curve steadily mcreases m width 


For comparmg the luminosity and absorption data, it is well to confine our 
attention mostly to the long wave half of the lummosity curve because of the 
larger number of points mvolved From the comparison it is apparent that 
the 5 per cent mainTnum absorption curve describes the pomts quite well, but 
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TmE IV 

Rad LtminosUy DtsiribitUan in SPictrum 

Tie original energy Inmlnotity data o£ Becht and WIQiam* (1922) in colninn 2 when 
divided by the correaponding wavelengths In cdtunn 1 yldd the quantum luminosity value* 
in column 3 after being mulbphed by a factor so that the maTimam at 511 m/i equals 1 
When these values In 3 ore divided b> the ocuUr txansnusBOn data In cohimn 

4 from I-udvigh and McCarthy (1938) they yield the spectral luminosity dlstrlbutkin at the 
retina ^ven in 5 after multiplication by a factor so that the maximum at 502 m^ is 1 



£a«ro taaiBatUjr 
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fttoKaa 
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tn&sndMiQQ 

Qatntm hmlmilty 
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0 178 
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613 


0 0226 
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0 00139 
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Fic 5 Comparison of scoptopic fumfnoiity at the retina with visual purple absorp- 
tion The points are the data of Hecht and WOhains corrected for quantum effective 
ness and ocular media transmissloa- The curves are the percentage absorption spectra 
of visual purple, the upper curve represent* OT per cent man mat absorption, and the 
lower one 5 per cent maximal absorption All curves have been made equal to 1 at 
the maxunum 500 ihm (or ease m compaiison. 
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that the 20 per cent curve is definitely excluded, because its absorption on both 
sides IS jUst too high The 10 per cent absorption curve, not shown m the 
figure, IS perhaps slightly better than the 5 per cent one, it cuts through more 
points In any case, both values are of the same order of magmtude as those 
found by Koenig and by Wald However, to be quite safe, we may take 20 
per cent as the upper limit for the absorption of 510 m/i by the visual purple in 
the human retina after complete dark adaptation 

vn 

Energy Absorbed by ike Rods 

It IS clear now why the 54 to 148 quanta required at the cornea cannot repre- 
sent the energy actually employed m vision About 4 per cent of this mcident 
hght is reflected by the cornea, almost precisely 50 per cent is absorbed by the 
lens and other ocular media, and of the rest, at least 80 per cent passes through 
the retina without being absorbed li corrections are made for these factors, 
the range of 54 to 148 quanta at the cornea becomes as an upper limit 5 to 14 
quanta absorbed by the visual purple of the retina 

Visual purple is m the terminal segments of the rods, and the 10 minute 
circular visual field contains about 500 rods (0sterberg, 1935) Smce the 
number of absorbed quanta is so small, it is very unlikely that any one rod will 
take up more than one quantum In fact, the simplest statistical considera- 
tions show that if 7 quanta are absorbed by 500 rods, there is only a 4 per cent 
probabihty that 2 quanta will be taken up by a smgle rod We may therefore 
conclude that m order for us to see, it is necessary for only 1 quantum of hght 
to be absorbed by each of 5 to 14 retinal rods ^ 

It IS very hkely that the photodecomposition of visual purple m solution has 
a quantum efficiency of 1 (Dartnall, Goodeve, and Lythgoe, 1938) Our data 
then mean that 1 molecule of visual purple needs to be changed snnultaneously 
m each of 5 to 14 rods, m order to produce a visual effect This is mdeed a 
small number of chemical events, but by virtue of its very smallness, its reahty 
may be tested m an entirely independent manner 

vin 

Poisson Dtslnbuiions 

The energy cahbration of the hght gives merely the average number of 
quanta per flash This is m the nature of the measurement, because the 

1 These data disprove the supposition made by Granit, Holmberg, and Zewi (1938) 
that most of the visual purple m the retma is inert as sensory substance, and that 
sensory impulses from the rods are “mitiated by the bleachmg of a thin surface film, 
which had to contam only an immeasurably small fraction of the total quantity 
present” (Gramt, Munsterhjeim, and Zewi, 1939) Smce the maximum visual purple 
concentration which the retma can achieve is able to absorb only 5 to 14 quanta at the 
threshold of vision, a very small fraction of the total visual purple would absorb much 
less than one quantum and would be meffective for visual purposes 
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thermopile records only the energy density, 'which is the number of quanta per 
second from a contmuously inadent hgjit Each flash, however, will not 
always dehver this average number Sometimes the flash will yield fewer, 
sometimes more, quanta, 

Smce absorption of this group of quanta by the retina represents discrete 
and mdependent events which occur individually and collectively at random 
the actual number of such retinal events which any given flash provides will 
vary according to a Poisson probabihty distribution (F ry, 1928) I^t n be the 
number of quanta which it la necessary for the retina to absorb m order for us 



Fio 6 Poisson probability distributions. For any s-vciage number of quanta 
(/!*) per flash the ordinates give the probabilities that the flash will deliver to the 
retina n or more quanta, depending on the value assumed for n 

to see a flash of hght. Let a be the average number of quanta which any 
yields to the retina Then the Poisson distribution states that 

P -a-/*-nl 

m which P* la the probability that the will yield the necessary n quanta, 
and e is the base of natural logarithms A special virtue of the Poisson dis- 
tribution IS that it has only one parameter, and is thus detenmned when the 
average number a Is set. The values of P» for various values of a and n arc 
available in pnnted tables (e g Fry, 1928) 

Smce for us to sec a flash of hght the rclma must absorb n quanta, we shall 
also ace when the retina absorbs more than n quanta From the published 
Poisson distributions, one can then compute the probabflity that » or more 
quanta will be delivered to the retina m a given flash when the average number 
of quanta deUvered by that flash is known. The values computed In this way 
for different values of a and n are shown m Fig 6 
There are two significant features of Fig 6 One is that the shape of the 
distributions is fi«d and different for evtiy value of n The curve becomes 



834 


ENERGY, QUANTA, AND VISION 


Steeper as n increases It follows from this that if the probabihty distribution 
could be detennined by experunent, its shape would automatically reveal the 
value of « correspondmg to it 

Another and equally unportant feature of Fig 6 is that the relationship is 
expressed in terms of the loganthm of the average number of quanta per fl^h 
Therefore, for comparison with the distributions m Fig 6, the experiments 
need not employ the absolute values of the average number of quanta dehvered 
per flash, but merely their relative values 

The experiments may then be made qmte simply On many repetitions of 
a flash of given average energy content, the frequency with which the flash is 
seen will depend on the probabihty with which it yields « or more quanta to 
the retina When this frequency is measured for each of several mtensities, 
a distribution is secured whose shape, when plotted agamst the logarithm of 
the average energy content, should correspond to one of the probabihty dis- 
tnbutions m Fig 6, and should thus show what the value of n has been 

rx 

Frequency of Seeing 

We have made determinations of this kmd The experimenter vanes the 
mtensity of the hght by placmg the wedge m specific positions unknown to the 
observer The observer then ehcits the flash whenever he is ready, and merely 
reports whether he has seen it or not The mtensities are presented m a de- 
liberately random sequence, each for a specific number of tunes, usually 50 
The procedure is simplified for the operator by a senes of accurately made 
stops against which the wedge may be rapidly set m predetermined positions 
A complete senes m which six mtensities are used requires about hours of 
contmuous experimentation composed of two or three penods of mtensive work 

The comfort of the observer is of great unportance and this must be at a 
TnaY7mnm It IS equally important that fixation should not be rigidly con- 
tmuous because this is fatigumg Above all, the observer must be on guard to 
record any subjective feelmgs of fatigue the moment they become apparent 
The experiment is much facihtated by the fact that the observer controls the 
occurrence of the flash, and can set it off only when he is thoroughly fixated 
and ready for an observation 

The data for the three observers who engaged m this experunent are given 
m Table V One experiment for each observer is plotted m Fig 7 Thepomts 
m the figure record the percentage frequency with which a flash of hght is seen 
for flashes of average quantum content shown m the abscissas Comparison 
with the curves m Fig 6 shows that the measurements are best fitted by Poisson 
distnbutions m which n is 5, 6, and 7 quanta per flash For the two other 
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eipenincnts in Table IV, n is 7 and 8 No special statistical methods are 
nccessaiy to deteumne which curve fits the data, since smaller and laigex 
values of j» are easily excluded by the simplest visual comparison 

TABLE V 

Etttrgy and Fre^cncy ef Se^l 

Relfldop between the svertge Diunber of quanta per flash at the cornea and the frequency 
with which the flash is seow Each frequency represents 50 flashes, except for S. H for whom 



Lo^orithmofovtra^e number fyy ptry/tuh 

Fio 7 Relation between the average energy content of a of light (in number 
of hr) and the fre<iuency with which it is seen by three observers Each point repre- 
sents 50 flashes except for where the numher is 35 The curves are the Poisson 
distributions of Fig 6 for o values of 5 6, and 7 

From these measurements it is apparent that the number of cntical events 
in the retina required to produce a visual effect hea between 5 and 8 These 
valuea are m such good agreement with the results determined by the straight 
forward physical measurements already described that we must consider them 
as the actual number of quanta absorbed by the retina 
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Steeper as n increases It follows from this that if the probabihty distnbut 
could be determmed by experunent, its shape would automatically reveal 
value of n corresponding to it 

Another and equally important feature of Fig 6 is that the relationshi, 
expressed in terms of the logarithm of the average number of quanta per il 
Therefore, for comparison with the distributions m Fig 6, the experim 
need not employ the absolute values of the average number of quanta deh\ 
per flash, but merely their relative values 

The experiments may then be made quite simply On many repetitio 
a flash of given average energy content, the frequency with which the fl 
seen will depend on the probabihty with which it yields n or more quai 
the retina When this frequency is measured for each of several mter 
a distribution is secured whose shape, when plotted against the logaril 
the average energy content, should correspond to one of the probabih 
tnbutions m Fig 6, and should thus show what the value of n has been 

IX 

Frequency of Seeing 

We have made determinations of this kmd The experimenter va 
intensity of the hght by placmg the wedge m specific positions unknois 
observer The observer then ehcits the flash whenever he is ready, aui 
reports whether he has seen it or not The mtensities are presented 
hberately random sequence, each for a specific number of tunes, us 
The procedure is simplified for the operator by a senes of accurate 
stops against which the wedge may be rapidly set m predetenmned 
A complete senes m which six mtensities are used requires about F 
contmuous experimentation composed of two or three penods of mten 

The comfort of the observer is of great unportance and this mu 
maximum It is equally important that fixation should not be ri 
tmuous because this is fatigumg Above aU, the observer must be o 
record any subjective feehngs of fatigue the moment they becomi 
The experiment is much facihtated by the fact that the observer c 
occurrence of the flash, and can set it off only when he is thoroui 
and ready for an observation 

The data for the three observers who engaged m this expenme 
m Table V One experunent for each observer is plotted in Fig 7 
m the figure record the percentage frequency with which a flash oi 
for flashes of average quantum content shown m the abscissas 
with the curves m Fig 6 shows that the measurements are best fitt' 
distributions in which « is 5, 6, and 7 quanta per flash For 1 
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In deriving the curves of Fig 6 for'the quantitative statement of this physi 
cal fluctuation m tenns of the Poisson probability distribution, we have made 
the smgle assumption that a constant number of quanta n must be absorbed 
by the retina m order for us to see a flash of light Since it la conceivable, in 
view of the vanabihty of an organism from moment to moment, that this value 
n IS not constant, we have considered the consequences of assuming that the 
number n vanes from tim# to time The results show that biological variation 
13 a factor of no great importance 

The situation may be best made clear by an example Suppose that instead 
of n being constant, it vanes between 4 ami 8 quanta per visual act, and that 
the frequency with which 4, 5, 6, 7, and 8 quanta are necessary is distnTiuted 
m terms of an ordinary probabihty distribution. The curves m Fig 6 repre- 
senting the frequency distributions for vanous values of n may then be weighted 
m this way and averaged. The average curve which is then secured is practi- 
cally the same as the onginal Poisson distributions m Fig 6, and may be fitted 
by the curves for n ^ 4 or 5 

Thus, when biological variation is imposed upon the physical variation, 
there Is no change in the essential characteristics of the physical distribution. 
Instead, the value of n merely falls below the average of the biological drstribu- 
tion, and is never bebw the lowest value m the distribution This tells us 
that when, as in Fig. 7, the measurements yield n values of 5, 6, or 7, these 
numbeia represent lower limiting values for the physical number of quanta 
In other words, the only effect which biological variation has on the jiyaical 
variation is to decrease the slope of the curves m Fig 7 and thus maki* the 
ai^iarent number of quanta smaller than the real n umb er 

These considerations serve for understanding the meaning of the fluctuations 
shown by an organism m its response to a stimulus It has generally been 
assumed that a constant stimulus, when presented frequently, remains con- 
stant, and that the fluctuations in response are an expression of the variations 
undergone by the organism. Indeed, this is one of the tenets of psychological 
measurements, and an elaborate structure of psychometrics has grown up on it 
as a basis {cf Guilford, 1936) 

The present evaluation of our measurements shows, however, that at the 
threshold the emphasis has been m the wrong place At the threshold where 
only a few quanta of energy are involved, it is the stimulus which is variable, 
and the very nature of this physical vanabihty determines the variation en 
countered between response and stimulus Moreover, even when biological 
variation is mtroduced, it is the physical variation which essentially dominates 
the relationship 

This is at the absolute threshold- Oim may wonder, however, whether a 
differential threshold at any level of mtensity may also involve a small number 
of events which detennmes the differentiation, and which may therefore be 
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subject to a similar physical variation as at the absolute threshold itself Only 
experiment can decide this 

The fact that for the absolute visual threshold the number of quanta is small 
makes one realize the limitation set on vision by the quantum structure of hght 
Obviously the amoimt of energy required to stunulate any eye must be large 
enough to supply at least one quantum to the photosensitive material No eye 
need be so sensitive as this But it is a tnbute to the excellence of natural 
selection that our own eye comes so remarkably close to the lowest liimt 

SOimAEY 

1 Direct measurements of the minimum energy required for threshold vision 
under opt im al physiological conditions yield values between 2 1 and 5 7 X 
10~^° ergs at the cornea, which correspond to between 54 and 148 quanta of 
blue-green hght 

2 These values are at the cornea To yield physiologically significant data 
they must be corrected for corneal reflection, which is 4 per cent, for ocular 
media absorption, which is almost precisely 50 per cent, and for retinal trans- 
mission, which IS at least 80 per cent Retinal transmission is denved from 
previous direct measurements and from new comparisons between the per- 
centage absorption spectrum of visual purple with the dim-vision luminosity 
function With these three corrections, the range of 54 to 148 quanta at the 
cornea becomes as an upper limit 5 to 14 quanta actually absorbed by the 
retinal rods 

3 This small number of quanta, m comparison with the large number of 
rods (500) mvolved, precludes any significant two quantum absorptions per 
rod, and means that m order to produce a visual effect, one quantum must be 
absorbed by each of 5 to 14 rods m the retma 

4 Because this number of mdividual events is so small, it may be derived 
from an mdependent statistical study of the relation between the mtensity of 
a hght flash and the frequency with which it is seen Such experiments give 
values of 5 to 8 for the number of cntical events mvolved at the threshold of 
vision Biological variation does not alter these numbers essentially, and the 
agreement between the values measured directly and those denved from statis- 
tical considerations is therefore significant 

5 The results clarify the nature of the fluctuations shown by an organism m 
response to a stimulus The general assumption has been that the stunulus is 
constant and the organism variable The present considerations show, how- 
ever, that at the threshold it is the stunulus which is variable, and that the 
properties of its variation determme the fluctuations found between response 
and stimulus 
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I 

INTRODtJCnON 

Protoplasmic streaming m the Avttui coleoptile Is apparently closely related 
to a respiration process This is particularly true for the acceleration of 
streaming which is produced by treatment with auxin Experiments reported 
previously have shown that this acceleration is stnctJy dependent upon the ac 
ceasibflity of Oj (Sweeney, 1941) and have also given indirect evidence that the 
applied auxin mcreases the consumption of Oj by the tissues of the coleoptile 
(Thimann and Sweeney, 1937, Sweeney and Thnnann, 1938) In the mean 
time the influence of auxin on Oj consumption has been reexamined (Com 
moner and Thimann, 1941) It was found that if the coleoptile sections were 
starved by soaking m water and then treated with malic or fumanc aad, the 
addiboQ of auxin produces a marked, nsc m respiratory rate, and the mcreiscd 
respiration closely paraKels the inaease in growth. 

The conclusion was drawn that auxm catalyxes a respiration system mvolv 
mg the 4-carbon adds, and that this respiration system, while accounting for 
only a small part of the total respiration of the coleoptile, controls a substantml 
part of the growth process. 

Further, low concentrations of fodoocetic acid (5 X 10~^) completely in 
hibit the growth while lowering the total respiration only by about 10 per 
cent. 

Thus the evidence indicates a dose rcUUonahip between growth and re^ira 
tion on the one hand, and between growth and the rate of protoplasmic stream- 
mg on the other Smee growth la apparently linked to a special part of the 
total oxidation, involving the 4-carbon aads, it is obviously of great mterest 
to determine whether protoplasmic streaming is also related to this same 
oxidation reaction. 

In order to continue making satisfactory measurements of the streaming 
rate, it was essential that the method of observation be made more objective 
and reliable. The present paper presents first, a greatly Improved method 
for the observation and recording of the protoplasmic streaming, and second, 
pop i*'' experiments on the relation between the acceleratioa of streaming caused 
by auxin and the presence of malic acid 
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Method 

Until recently, measurements of the rate of protoplasmic streaming have 
been made by tmung the movement of particles between two pomts on an 
ocular micrometer by means of a stopwatch This method requires consid- 
erable manipulation by the observer and mtroduces the opportunity for per- 
sonal errors which are difficult to evaluate For these reasons, a more mechan- 
ical and objective, as well as a more convement method of measurmg the 
streammg rate was desirable 

In all measurements of streammg, the basic assumption is that the particles 
move at the same rate as the protoplasm itself The measurements will be 
more accurate the smaller the particle used m makin g them, smce (o) the 
smaller the mertia of the particle the more nearly it approxunates the rate 
of flow of the streammg, and (6) small particles meet fewer obstacles and thus 
their velocity is more constant On this account the dark field method m- 
troduced by Olson and du Buy (1940) was not adopted With dark field 
illumination the size of particles can only be determmed by the relative m- 
tensity of the light they scatter The brighter and more easily seen Imes 
obtamed by Olson and du Buy represent the motion of the larger particles 
and thus give the least accurate measurements ^ 

The prmciple of makmg observations by transmitted hght as m our previ- 
ous experiments was therefore decided upon The rate of stre amin g, however, 
was measured by use of a comparison stream of variable but known velocity, 
m the foUowmg way 

A constant speed motor, dnving a pulley, is mounted on a movable platform (see 
Fig 1) This platform is moved back and forth on a screw by rotatmg a large wheel, 
W As the motor advances toward the stationary pulley, the belt connectmg motor 
and pulley is loosened and so the efiective radius of the dnvmg wheel on the motor is 
mcreased and the belt revolves faster In this way the speed of the belt may be 
varied up to double its minimum rate 

The rate of rotation is reduced to a suitable value by mtroducmg a set of reduction 
pulleys The final small pulley dnves a black elastic belt on which are sewn cut 
crystals Snaps may be used m place of the crystal beads These are illuminated 
by a dark room lamp, the hght from which is filtered through water m a large flask, C 
This same lamp serves as illummation for the bmocular microscope (only stage, S, 
shown m diagram) The microscope stage, on which are mounted the sht oat coleop- 
tiles bemg studied, is at the same level as the rotatmg elastic belt and bnght reflectmg 
crystal beads 

The crystals are superimposed on the cell m the field of the microscope by means of 
a camera luada To measure the rate of streammg, the bnght spots from the beads 

1 The mfiltration procedure adopted by Olson and duBuy is open to a more senous 
objection which has been dealt with elsewhere (Sweeney, 1941) 
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are observed through the microscope and their speed is adjusted by means of the 
wheel until they move at the same rate as the fine particles in the cells. 

To obtain the rate of streaming m n per second, the following calibration is neces- 
sary The rate of rotation of the top section of the elastic belt is measured with a 
stopwatch at a sene* of different speeds. After a number of pomts have been taVon 
a calibration curve may be drawn showing the rate of rotation of the clastic belt 
reduced to per second, for all positions of the motor Such a curve is shown m 
Fig 2 Only the straight portion is used m mfllrlng measurements of the rate of 
streaming In this part of the curve, the average deviation from hneanty is 0 1 ;i/sec 
ond. Calibration* were repeated from time to time. While the slope of the cab 
bration curve remained unchanged the rate of rotation for any given position of the 



Fig 1 Arrangement of apparatus (sec text) The reference stream of crystals is 
to the right of the microscope stage S 


pointer on the mcreased progresaiveb' the total shift durmg two years use 
being 0 ISii/nccxmd. 

The podbon of the motor is recorded by a wire passmg over pulleys attached to a 
block of brass, B, which travels up and down in a sectian of rhRnnM brass (Fig 3) 
To this block is attached a heart lever (perpendicular to the plane of the diagram) 
magnifying the motion about two times and writing with a fine pen on a slow kymo- 
graph The kymograph used revolved at a reasonably constant speed of 8 mm./ 
min ute when kept tightly wound. In 30 minutea the record thus covered 240 mm on 
mlHinictcr paper with an average deviation of ± 6A mm. The general appearance 
of the whole apparatus is shown in the pbotognph (Fig 4) 

The acceleration of streaming produced by auxin may be temporary when studied 
m water solution or of indefinite duration, when m presence of sugar (Sweeney and 
Thimann, 1938) In the former case the acceleration is given by the ‘total effect/' 

, the area between the curve and the baseline which represents the imbal rate 
However when the sugar is present and the acceleration is maintained the total 
effect" 18 taken os the area under the curve during 30 mmutes following the addition 
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Fig 2 Calibration curve for reference stream 



Fig 3 Device for recording position of the vanable speed motor The recording 
lever is attached to block B and is perpendicular to the plane of the paper (</" Fig 4) 

of the solution bnngmg about acceleration Smce the acceleration of streaming 
with optimum concentrations of auxin is of the order of 4/i/second ( =■ 40 mm on the 
paper), the maTiTTmm error mtroduced by variation in the rate of rotation of the 
kymograph is then 40 X 6 3 or 250 mm * As will be seen below, however, differences 
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m total effect up to about 1000 mm * ha\c to be neglected \ change m the rate of 
streaming of 0 l/i/second corresponds to 1 mm. on the paper 

Besides the lonnll errors due to deviation from hneant> m the calibration curve, 
and variations in speed of the kymograph personal errors of obser\Tition and fluctua 
tions m the protoplasm itself nere assessed as foUoivs — a colcoptile mounted m 
pure HjO or sugar solution ivas observed and the streaming rate recorded for several 
minutes An assistant then changed the speed of the comparison stream by an 



Fig 4 For comparison ivlth Figs lands 


unknmvn amount and the observer subsequently reset the rate to match that of the 
protoplasm The results of two such tests were as foUoivs- — 


Di^crtnca Oit Ralt of Slrtomvti btfen and afler Riuitwt 


i/i/39 

1 6 / 6/41 

ft/ «. 

1 

0 7 

0 8 

0 55 

0 1 

0 2 

0 2 

0 3 

0 2 

0 0 

0 3 


0 0 


1 2 


0 5 

Average difference 0 33 1 

0 42 

Average rate of itreaming 13 5 

14 3 



846 


AUXINS AND PROTOPLASJnC STREAMING III 


The error of setting is thus of the order of ±0 4/Lt/second The optimum accelera- 
tion produced by auxin is about 4p/second so that the error is about 10 per cent of 
the amount of the acceleration In terms of the “total effect” this is equivalent, in a 
30 minute record, to 960 mm * on the paper Thus only total effects over 1000 mm = 
are significant The effect of optimum auxin concentrations in sugar is of the order 
of 4000 mm and total effects as high as 6000 mm - have been obtained 

As before, the coleoptilcs were sectioned lengthwise and mounted on a slide in 
water or sugar solution The slide was examined under a total magnification of 575 
Fresh solution was passed under the cover slip continuously from a drop at one side 
renewed every few minutes, and was drained off from the other side of the cover slip 
by means of a filter paper w ick 


lU 

The Effect of Malale 

In the experiments on respiration it was found that malate had its optimum 
effect at 0 001 u this concentration was therefore adopted in the present 
experiments The auxin used was pure indole-3-acetic acid and the proce- 
dure was either to soak the coleoptile sections in malate before applying auxin, 
or to treat with a solution of auxin and malate All auxin solutions were 
made up in 1 per cent fructose and oxygenated by bubbling O 2 from a cylinder 
through the solution for about half an hour before use 
Avena coleoptiles, 4 days old from the time of soaking the seed, were used 
The plants were grown under the usual conditions of the physiological dark 
room Although coleoptiles 3 days old (the age of plants used in most growth 
experiments) were used m some of the early experiments because these young 
plants have a high rate of general respiration, and therefore the streaming is 
very oxygen-sensitive, plants 4 days old give more consistent streaming 
velocities and were used in the present and other more recent experiments 
Typical results of the influence of malate when added with sugar are shown 
in Fig 5 The addition of malate without auxin had no effect on the rate of 
streaming under any of the conditions studied (Fig 5, curve 1, Fig 6, curve 
4) In coleoptiles 4 days old the addition of malate to auxin solution of 
concentrations 0 1 and 1 mg /I did not enhance the effect of auxin (Fig 5, 
curves 2 and 3) These are the auxin concentrations which give optimum 
acceleration of streaming Malate, however, increased the effect of small 
auxin concentrations In coleoptiles 4 days old a concentration of indole- 
acetic acid of 0 005 rag /I gave total effects just over 1000 mm ic , barely 
significant, while lower concentrations, 0 0025 and 0 001 mg /I , only rarely 
gave any effect at all In presence of malate 0 001 m, however, auxin at 
0 001 mg /I gave very good acceleration of streaming (see Table I) The 
last experiment of Table I is shown in Fig 5, curves 4 and 5 
The influence of treatments applied prior to the auxin was studied by cut- 
ting sections from coleoptiles 3 days old and soaking overnight in 1 per cent 
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fructose, 0 001 ii malate, or water, or m fructose and malate This was the 
procedure used by Commoner and Thnnann (1941) 

The sections used were 2 to 3 cm long from which the tip (3 to 5 mnn) had 
been cut o2 The following day these sections were slit lengthwise and treated 
with a n Tin 1 mg /I Or with a uxin plus maiatd, records of the streaming rate 
bemg made as usual. 



Fic S The effect of maUtc on the velocity of streaming m coleoptflcs 4 days old 
Solutions to be tested -were made up m oxygenated 1 per cent fructose, and were 
added to the coleoptile preparation at time icro prcvioos readings being made m 
1 per cent fructose alone. In this and the following figures all curves arc typical of 
numerous replicate ejperiments. 

Curve 1 Malate 0 001 M without auna, Oct. 21 1940 

Curve 2. Auim 1 mg A Feh 5, 1940 

Curve 3 Auxm 1 mg A phi* malate 0 001 u. Feb 5, 1940 

Curve 4 Auxm 0 001 mg A July 28, 1941 

Curves Auxm 0 001 mg A plus malate 0 001 u. July 28, 1941 

When sections were seated in 1 per cent fructose, or water only, aunn 
1 mg /L caused only a slight acceleraUon of str eamin g (see Table 11) In 
other words, the penod of soakmg has the effect of very greaUy reducing the 
sensitivity to aunn. It is as though some constituent of the coleoptile which 
13 needed for the response has disappeared or has been used up When these 
starved cw-hnn. were treated with aunn and mala te, however, a m a r l ed 
acceleration of streammg by aunn was obtained. The rate at the end of 30 
mmutes’ treatment with aunn plus malate was equal to the rate reached m 
the best aunn concentrations with fresh 4-day plants, although the total 
effect for the first half hour of treatment was smaUer, smee the rate increased 
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more slowly When sections were soaked m malate either or 26 hours, 
then streammg accelerated promptly on addition of auxm and large total 
effects were obtamed In soaked coleoptdes, then, a large effect of malate 
m the presence of auxm may be observed If malate is supphed, then soaked 
sections give as large an auxm reaction as do mtact plants 4 days old 



MINUTES 

Fig 6 The effect of malate on the rate of streammg m sections of coleoptiles cut 
when 3 days old and soaked overmght Solutions to be tested were made up m 
oxygenated 1 per cent fructose (except curve 4) and added at tune zero, previous 
readmgs of the rate of streammg bemg made m fructose alone 

Curve 1 Sections soaked m 1 per cent fructose 26 hours and treated with auxm 1 
mg /I Sept 3, 1941 

Curve 2 Sections soaked m water i6J hours and treated with auxm 1 mg /I plus 
malate 0 001 m Aug 11,1941 

Curve 3 Sections soaked m malate 0 001 M plus 1 per cent fructose 26 hours and 
treated with auxm 1 mg /I Sept 3, 1941 

Curve 4 Sections soaked m water 22 hours and treated with malate 0 001 u m 
water solution Aug 13, 1941 

Four curves, typical of those from which the data of Table R are denved, 
are shown m Fig 6 They show (curve 1) sections soaked m fructose do 
not respond to auxm alone, (curve 2) sections soaked m water do respond, 
though somewhat slowly, to auxm with malate, but not (curve 4) to malate 
alone (curve 3) sections soaked m fructose with malate give an munediate 
large response to auxm alone 

Incidentally, the data above suggest that, while malate enters the cell and 
becomes effective more slowly than auxm, fairly large amounts have pene- 
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txated after 30 minutes- Soaking m malate before testing gave malatc tnne 
to enter so that auim might become effective at once. A soaking period of 
13 ^ hours was as effective as one of 26 hours (Table II) A further eipen 
ment was designed to test the entrance of malate A section soaked m sugar, 
» e one which would show only a small acceleration of streammg on the addi 


TABLE I 

Infiuenct cf llaJaU in Incnanni the Sauttnliy of 4 Day Old Phmis to Lov Concentrations of 
IndoU-Acehc Acid (OjOOI ill /L.) Total Eftcis ileasurtd in ilm^ 



WUboatmiUtc 

With militt Onoi u 




2/ 9/40 

0 

2595 

2/21/40 

0 

2276* 

S/15/40 

0 

/2600 

\273O 

j 

1U7 

436S 


* In maUte 2 boon before experiment. 


TABLE n 

E^td. of OMhe on Stnamini tn Soaked Stetions in tko Presence of Aussn, Total 

Ejects Uetuured tn am * 


So*k»d tn. 

froctou 1 per ceot 

WaUi 

UaBu 

36 ho. 

4a tm. 

TttUdla 

A«dn 

Afrr4Ti 

Aoxla 

Atrrta tud 




0 

1100 

0 

1962 

2475 

30S5 

2333 

1269 

0 

1124 

■a.* 

3384 

3900* 

3147 

4230 

3453 


* Section toabed in Tnilite houn before testing 


tion of auxm without malate, was treated with anxin and malate for 37 nun 
utes During this time the streaming -s^loaty mcreased from 13 9 to 16 2 
n/w'tmA. The malate was then rinsed off the section thoroughly and auxm 
solution without malate was substituted- If no malatc had entered the 
cell, then the streaming rate should have fallen to the control level at once 
However, streammg velocity r emain ed at 16 2 fi/sccond for at least 30 minutes 
after malatc was removed from the external solution- 

As the coleoptile grows older the auxm effect on streaming disappears. 
The age at which cells no longer respond to auxm (0 1 to 1 mg /I ) vanes be- 







rate or streaming 


850 


AUXINS AND PROTOPLASMIC STREAMING in 


IaT 




I 1 J 1 1 I I I 1 1 I I 

0 6 I0IS20 25 3O35AO 45 50 

MINUTES 

Fig 7 

Curve 1 The effect of auxin, and auxin and malate on streaming m the Avena 
coleoptile 6 days old Sections treated at time zero with auxm 0 1 mg /I m oxygen- 
ated 1 per cent fructose solution, previous readings bemg made m fructose alone At 
32 mmutes, the auxm solution was replaced by auxm 0 1 mg /I with malate 0 001 m 
m fructose Feb 16, 1940 

Curves 2-9 The effect of different concentrations of lodoacetate on the rate of 
streammg m coleoptiles 4 days old Solutions made up m oxygenated 1 per cent 
fructose and added at time zero, previous readmgs bemg made m fructose alone 
Curve 2 lodoacetate 1 X 10“^ ir Apr 9, 1940 

Curve 3 lodoacetate 5 X 10“^ ii Mar 6, 1940 

Curve 4 lodoacetate 1 X 10”® ii Feb 28, 1940 

Curve 5 lodoacetate 5 X 10“® m July 31, 1940 

Curve 6 lodoacetate 2 X lO”* ii Oct 31, 1941 
Curve 7 Indole-3-acetic acid 1 mg /I Aug 15, 1941 

Curve 8 IndoIe-3-acetic acid 1 mg /I plus lodoacetate 5 X 10”® M Mar 1, 1940 
Curve 9 Indole-3-acetic acid 1 mg /I plus lodoacetate 5 X 10”® u plus malate 
OOOlM Mar 1,1940 
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tween 6 and 8 days from tune of soaking of the seed. When the protoplasm 
wfll no longer react to aimn in sugar solution acceleration of streaming may 
be obtained by adding malate to the auxm solution (Fig 7, curve 1) How- 
ever, sections of plants 4 days old cut and placed on combs floating on auim 
solution 1 mg /L did not grow more than a few per cent. Streammg m the 
same material gives its ynanmum response to auxm of this concentration. 
This would suggest that the abihty of auxm to cause growth is lost while the 
abihty of the protoplasm to respond well to aunn is retamed 

IV 

The Effed of lodoacdaU 

It was shown by Commoner and Thimann that lodoacctate at 5 X 10^ ii 
completely inhibits growth without affecting more than a very small part of 
the total respiration, and it was deduced that at this concentration it inhibits 
only the “growth'* respiration At higher concentrations larger inhibitions 
of respiration were found. The influence of low concentrations of lodoacetate 
on streammg were therefore studied. 

With very small concentrations of lodoacctatc without auxm, (5 X 10~' u, 
1 X M, Fig 7, curves 3 and 4), small acccleratioDS of streaming were ob- 
served (cf the acceleration of growth found for these concentrations by Com- 
moner and Thimann) Larger concentrations, as high as 2 X ICF* u had no 
effect alone on streaming within 30 mmutes (Fig 7, curves 5 and 6) How 
ever, concentrations of 5 X 10^ M potassium lodoacetate completely mhi 
bited the acceleration of streaming by auxm 1 mg /I , when coleoptilca were 
treated with mixtures of a unn and lodoacetate (Fig 7, curves 7 and 8) Mnl 
ate 0 001 K partly overcame the inhibitory effect of lodoacetate (Fig 7, curve 
9) lodoacetate 1 X 10^ u did not affect the acceleration of streammg by 
auxin. The correspondence with the concentrations of lodoacetate effective 
on respiration is thus very close 

v 

DISCDSaiON 

The parallel between the effects of malate on growth and respiration and 
on the acceleration of streaming is striking Malate alone is without effect 
on respiration and this is true also of the rate of streaming Whether or 
not malate inflnwu-ea the effect of auxm on streaming depends on the condi 
tion of the coleoptile tissue Under optimal conditions for the effect of aunn 
alone (fresh sections of 4-day plants, o^genated solution containing optimum 
auxm concentration), malate exerts no effect. Evidently here the upper limit 
of possible acceleration of streaming has been reached Under the same 
conditions except with auxm concentration at the lowest limit of effect, malate 
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greatly increases the sensitivity of the cells to aimn This suggests that here, 
as with sugar (Schneider, 1938), the auNin reaction is dependent on both auxin 
and malate concentration at the same tune, and therefore the effect of these 
substances does not follow the classical hmitmg factor scheme of Blackman 
In old plants, or m sections soaked for many hours in fructose or m water 
alone, the response to ausm practically disappears, and the addition of malate 
brmgs It back to normal or maximal The obvious deduction is that these 
are the conditions under which malate is depleted from the cells 
Streammg in soaked sections behaves as predicted from the respiration 
measurements, that is, as if the acceleration on addition of auxm were brought 
about by acceleration of the 4-carbon aad respiration In sections soaked 
m water or sugar, auxin accelerates streammg only m the presence of malate 
and this is an exact parallel of the results of respiration studies with similar 
cells It should be noted that when sections are cut at 3 days and soaked 
overnight they are no longer comparable with fresh sections from plants 4 
days old This pomt must be borne m mmd m making quantitative correla- 
tions of streammg data with measurements of growth of sections 
The parallel between growth and streaming may be extended to mclude the 
experiments on lodoacetate, which has an opposite effect to that of malate 
Potassium lodoacetate, 5 X 10^ M and above, inhibits the effect of auxm 
on growth, and the same concentrations also inhibit the acceleration of stream- 
mg by auxm Lower concentrations of lodoacetate (1 X 10~® m) bnng about 
small accelerations of both streammg and respiration It is important, 
however, that the effect of lodoacetate is exerted on the accderatwn produced 
by auxm and not on the basal rate of streammg The acceleration could be 
completely inhibited while the basal rate remamed unaffected even by con- 
centrations 10 times as great Hence this basal rate of streaming cannot be 
m large part controlled by auxm This is substantiated by the observation 
that control rates do not vary with soaking nor with the age of the coleoptile, 
although auxm production, at least, falls off with age The streammg brought 
about by auxm may be clearly separated from that before treatment with 
auxm In fact no auxm-controUed streammg has been demonstrated m the 
untreated cell, although some auxm is undoubtedly present m these cells 
It IS well to make clear, then, that the basal streammg rate is dependent on 
some quite other system than that controlled by auxm 
The experiments on coleoptiles of different ages present evidence that cessa- 
tion of growth may take place while the cells are still able to respond mtemally 
to auxm Presumably growth is prevented by rigidity of the cell walls Kerr 
and Thimaim (unpublished) have shown that secondary wall begms to form 
m the basal cells of the coleoptile late on the 3rd day The nucelles m the 
secondary wall are oriented almost longitudinally and thus would powerfully 
prevent elongation This has also been brought out by experiments on cells 
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Lfipt at low temperature where deposition of wall is prevented and growth 
continues longer than at room temperature (Heyn, 1931, and van Over- 
bcek, 1931, Bonner, 1934) Agemg may thus be divided into at least two 
processes, the first a thicLenmg of the cell wall, the second the exhaustion of 
malate reserves The second process may be reversed by addition of malate. 

It may be concluded m general that the presence of malate is a necessary 
condition for the effect of auxin both on streaming and on growth, and that 
lodoacetate m the proper concentration acts as a clear cut inhibitor for both 
processes 


VI 

sniacAEY 

1 A new method is described which gives a continuous record of the ab 
solute rate of protoplasmic streaming In epidermal cells of the Avena coleoptile, 

2 With this method a study was made of the influence of malate and lodo- 
eicetate on streaming vcloaty, m order to make correlations with the previ 
ously established effects of these substances on growth and respiration. 

3 In the presence of optimum concentrations of mdole-3-acetic aad m 
freshly cut sections, malate had no effect on streaming & the presence of 
very low concentrations of the auxin, however, malate mcreased the range 
of response, so that the threshold of auxin sensibvi^ was lowered some ten 
tunes by the malate Malate alone had no effect on streaming 

4 In coleoptile sections soaked overnight m sugar solution or in water, 
the acceleration of streaming normally caused by auxm almost disappears, 
but the presence of malate causes large accelerations of streaming by the auxin. 

5 Similarly, m sections from old coleoptiles which no longer show occelem 
tion of streaming by auxin, the acceleration is restored when malate is added 
together with the auxm 

6 Malate docs not enter the cell as rapidly as does but easily de- 

tectable amounts penetrate wi thin 30 minutes 

7 lodoacetate in the concentration which inhibits growth (5 X 10~* m) 
completely inhibits the acceleration of streaming by auxin. In still lower 
concentrations lodoacetate slightly accelerates streaming Higher concen- 
trations, up to 2 X 10^ 1C, did not reduce the rate of streaming below that of 
controls without auxin. The effect of lodoacetate is therefore to inhibit the 
acceleration caused by auxm and not to affect the basal streaming rate 

8 It 13 concluded that, just as for growth and respiration, malate is neces- 
sary for the response to auxm shown by acttleration of streaming This fur 
ther strengthens the triple parallel between the effects of auxm on streaming, 
growth, and respiration, all of which arc apparently mediated by the 4-carbon 
aad system. 



854 


AUXmS AND PROTOPLASMIC STREAMING m 


REFERENCES 

Bonner, J , 1934, Proc Nat Acad Sc , 20, 393 

Commoner, B , and Ttumann, K V , 1941, J Gen Phynol , 24, 279 

He}Ti, A , 1931, Rec Irav hot nierl , 28, 113 

Heyn, A , and van Overbeek, J , 1931, Akad Welensch Amsterdam, Proc Sect Sc , 
34, 1190 

Olson, R A , and du Buy, H G , 1940, Am J Bot , 27, 392 

Schneider, C L , 1938, Am J Bot , 25, 258 

Sweeney, B M , 1941, Am J Bot , 28, 700 

Sweeney, B M , and Thimann, K V , 1938, J Gen Physiol , 21, 439 

Thunann, K V , and Sweeney, B M , 1937, J Gen Physiol , 21, 123. 



HYDROSTATIC PRESSURE AND TEMPERATURE IN RELATION TO 
STIMULATION AND CYCLOSIS IN NTTELLA FLEXHJS 

By E. newton HARVEY 

(From tho Pkystological Lahcrctory^ Princeton University, Pnnceion) 
(Received for publicAtion, Mty 1, 1942) 

This study was undertaken for two reasons, (1) to determine if NtieUa can 
be stimulated by a sudden mcrcase or decrease of hydrostatic pressure, (2) to 
compare the cydosis veloaty under pressure in NtieUa with that m Elodea, 
which Manland (1939) found to be progressively slowed as the pressure was 
increased. This slowing was accompanied by a similar progressive decrease 
in viscosity, as measured by the rate of sedimentation of chloroplasts withm 
the Eiodea cell under the influence of centrifugal force. 

As 13 well known, response of NtUUa cells is observed after stimulation by 
touchmg or bcndmg (see Ewart, 1903, also Osterhout and Hill, 1931), applica 
Uon of solutions such as KCl or chloroform (Osterhout and Hill, 1930), cold 
or heat (Dutrochet, 1838), electncaUy (Dutrochet, 1838, HSrmann, 1^) or 
by flashes of ultraviolet light (Harvey, 1942) The criterion of response may 
be an action potential or a stopping of the cyclosis, which has been call^ 
“shock stoppage ” 

NtieUa does not under all arcumstances obey the all-or none law, since the 
magmtude of the action potential may vary and conduction with a decrement 
may occur (Blinks, Hams and Osterhout, 1929) Hill (1941) studied the 
relation between stimulation and cydosis m NtUUa and conduded that elec 
tncal stimulation is accompanied by an action potential only if the stimuli ]; 
13 of suffiaent intensity A week stimulating voltage will cause the cyclosis 
gradually to slow down and come to a stop no action potential appearing, 
while a higher voltage causes on abrupt stop with an action potential 

In addition to the normal action potential, which is propagated at a rate of 
2 to 3 cm per second, electrical variations may occur m NtieUa due to mecham 
cal disturbances which travel along the cell with high veloaty and stimulate 
each region as they pass (Osteriiout and Hill, 1931), as well as death waves, 
also travelling with high veloaty (Osterhout and Hams 1928, 1929) The 
response may thus be deadcdly compheated but shock stoppage of cydosis is a 
sure sign of stimulation 

Since the pressure chamber used m these eipenmcnts contained no dec 
trodes for leading off the action potential, the entenon of stimulation by 
pressure was a sudden stoppmg of cydosis. In addition we may expect pres- 
sure to affect (ydosia directly as in the Eiodea experiments of Marsland (1939) 

SS5 
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As Nitella is particularly sensitive to mechanical stimulation, the first experiments 
were directed to determining if a pressure wave m water at atmosphenc pressure would 
cause shock stoppage of cyclosis For this purpose a brass chamber (10 cm high and 
5 1 cm internal diameter) was made, which contamed a glass wmdow 6 2 mm thick 
m the lower end and m the other a sohd brass piston contaimng a small hole fitted 
with a Incite plug The chamber was completely filled with pond water (excludmg 
air bubbles) and a Nitella cell, which rested on the glass bottom and could be observed 
with an mverted microscope by means of a hght beam that passed through the small 
hole fitted with Incite m the piston head The piston head rested on the water column 
and could be given a sharp blow with a hammer or with a steel ball falhng from a given 
height A pressure wave could thus be started, which travelled downward through 
the water to strike the Nitella cell, whose cyclosis was contmually observed It was 
found that such pressure waves resultmg from blows with a hammer or from a steel 
ball of 534 gm weight falhng 145 cm (energy = 76 joules) did not affect cyclosis, 
unless a glancmg blow, that actually moved the Nitella cell, struck the cyhnder A 
pressure wave like the above m water at atmosphenc pressure may therefore be 
eliminated as a stimulus to stoppage of cyclosis ^ 

The next experiments were with sudden changes of hydrostatic pressure These 
were apphed to the Nitella ceU m a special pressure chamber with glass wmdows, 
similar to that used by Marsland (1939), so that the Nitella could be observed with 
an mverted microscope durmg the mcrease m pressure The pump was a 7 ton 
hydrauhc auto truck jack converted to dehver hydrostatic pressures up to 10,000 lbs 
per square mch * 

The results depended on the Nitella ceU In general sudden mcreases m pressure 
from 0 to 5000 lbs per square inch or 5000 to 9000 lbs or mcreases m steps of 1000 
lbs each do not stop cyclosis Some cells, however, wiH occasionally stop on a sudden 
mcrease of pressure and others whose cyclosis does not stop on changes m pressure 
up to 5000 lbs wiU stop on changmg from 5000 to 6000 or 6000 to 7000 lbs or 7000 
to 8000 lbs These are exceptions but nevertheless the stoppage of cyclosis can only 
be attnbuted to stimulation by pressure and not to jogglmg of the pressure chamber 
or movement of the Nitella cell m the chamber The response to sudden pressure 
mcrease is somewhat like the response to sudden ultraviolet hght stimulation, as 
descnbed by Harvey (1942), where an action potential appeared m only about one- 
third of the cells exposed to the ultraviolet hght flash 

When the pressure on Nitella was suddenly released from vaiymg high pressures 
(9000 to 5000 lbs ) to atmosphenc pressure, the cyclosis stopped m 50 per cent of 
twenty-two tnals The behavior depended on the Nitella cell used m the study 
Stoppmg of cyclosis did not necessarily occur as a result of a slight movement m the 

^ Ewart (1903, p 72) quotes Hermann (1898) as findmg that rapid changes m 
pressure up to 2 atmospheres do not cause shock stoppage of cyclosis m Nitella syn- 
carpa, but that a smart blow on a piston head connected with the chamber contammg 
Nitella will cause temporary cessation of streammg The conditions of the experiment 
are evidently important 

2 One atmosphere = 14 7 lbs per square mch = 1033 gm persq cm 1000 lbs per 
square mch = 68 atmospheres = 70 2 kg per square centuneter 
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field and could again be attributed only to atimulatiaan Perhaps the greater certainty 
of stimulation on release of pressure is due to the fact that release of pre«ure can 
always be attained more suddenly by turning a valve whereas mcreasc of pressure 
must be built up by pumping the handle of the hydraulic jack 

In order to complete the picture of pressure effects experiments were earned out 
to see if a sudden decrease of the atmospheric pressure over water containing the 
NxUUa cells would cause shock stoppage of cyclosis The cells were m a glass chamber 
with a plane glass bottom so that observation could be made with an mverted micro- 
scope. The chamber could be connected by a two-way stop-cock and pressure tubmg 
to a large evacuated desiccator or to the air By turning the cock, sudden decreases 
or mcrcasea of pressure (20 mm. to 760 mm. Hg) could be applied to the NUeUn cells 
but shock stoppage was never observed to occur 

The direct effect of pressure on rate of cyclosis apart from stimulatwa is 
indicated m Fig 1, in which the cyclosis rate m micxa per second is plotted 
against the pressure m pounds per square inch, as the pressure is raised m 
steps of 1000 lbs. per square mch Cyclosis rate was measured at 23®C by 
timing the movement of the granules m the protoplasm across the Imes of a 
square ruled micrometer in the eye-piecc. Since the individual granules vary 
considerably m rate the figures are averages of 5 or more readings 3 to 5 
mmutes elapsed between the 1000 lb d^nges in pressure Table I gives the 
data for all successful experiments. 

The slowmg of cyclosis by pressure m Ntidla is not as regular as m Elodta, 
and different cells behave differently Some show a progressive slowing of 
cyclosis as the pressure is increased m mcrements of 1000 lbs. per square inch 
while in others there is httle change in rate until 4(XX) lbs is reached and then 
a progressive decrease Curve A is the average of all readings on three dif 
ferent cells taken on different days, in which there was a progressive slowing 
of cyclosis rate as the pressure was increased. Curve B is also the average of 
all readings on three different cells taken on different days where the slowing 
of cyclosis began at 4000 lbs At 9(XX) lbs the rate is only about H of that 
at atmosphenc pressure and cyclosis does not stop completely at 10 000 lbs 
per square mch Marsland (1939) found cyclosis to stop m Eiodta between 
6000 and 7500 lbs. 

If the pressure is suddenly released and no stimulation occurs, the rate 
generally returns to very nearly the original rate at atmospheric pressure 
The same is true when the pressure is decreased m steps of 1000 lbs per square 
mrh The return of cyclosis velocity is over approximately the same course 
as when the pressure is mereased Some cells, however, which have been 
kept at the high pressure for some time (30 minutes) appear to be mjured by 
the pressure treatment and the cyclosis is permanently abwed 

Niidla fpHft thus behave m most respects in the same way that Elodea cells 
do, except that the cyclosis rate is complicated by phenomena connected with 
stimulation. From analogy with other experiments on pressure, which bungs 
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/i/sec 



Fig 1 Cydosis rate in nucra per second as a function of hydrostatic pressure 
A, average of three experunents on three different cells at 23°C where the pressure 
effects are marked from the start B, average of three experiments on three different 
cells at 23°C , where the pressure effects begm after 4000 lbs per square mch C, 
experiment with a smgle cell at lO^C Cydosis returned to 18 ju per second at 10°C , 
when the pressure was removed and to the original value (41 fi per second) at 24‘’C 
when the temperature was raised 

about solation m many cells (see Marsland, 1942), the decreased viscosity of 
the protoplasm may be the cause of the slowing of cydosis but a similar argu- 
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ment applied to tiic effects o£ temperature on cyclosis would lead to anothe 
conclusion, namely, that decreasing viscosity with increasing temperatur 
should also result in. less rapid cyclosis. Actually cyclosis rate is greatl; 
increased by nse of temperature Moreover, if viscosity changes determin 
the rate of cyclosis, one might argue that cyclosis which has been slowed (be 

TABLE I 

SuKMory of Pftsiwo Exptrimtnls at ZTC 


Mar Md) 
Mir 28 (2) 



Grand average 


Apr 4 (dec.) 


]43 5j41 3JM 5 [29 Oj: 


,28 1 18 8 19 3 


Tbs £gure§ give the cychtlM vdodty at /ccreaiiag preoure* Tbotc in par«iti»e»e* arc 
extrapolatiooi from a graph. An a»temk indicate* a eecoed crpcrinjcnt with the tame ceQ. 
Nildla cells In the first »ix experiment* thawed contmuimily decreasing cycloois velocity with 
increa*ing preisure Celb In the la*t seven expemnent* were HUle affected xmtil after 3000 
Ih*. per square inch prctture. The U®t line gives values for cycloal* in the Apr 4 experiment 
as prtjtures ore decreased from 10 000 lb*, per square Inch. 


cause of VISCOUS protoplasm) at a low temperature could be mcrcaspd by raising 
the pressure and hence decreasing the viscosity, but such is not the case, os I 
have determined by experiment (sec below) 

However, according to Marsland’s (1942) theory, Elodta cyclosis is due to a 
wave of sol 7^ gel transforniatiDii, accompanied fay change in volume, which 
passes around the cell The volume changes are responsible for the orcula 
tory movement Pressure slows the cyclosa by preventing this sol gel 
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change, by forcing the equihbtmm toward the sol state making the protoplasm 
mere hquid Pressure thus acts not by contmuously decreasmg the viscosity 
in the ordmary sense but by preventing the sol — > gel transformation 

The whole question of pressure effects is mtimately connected with tem- 
perature Recently Johnson, Brown, and Marsland (1942) have descnbed 
an important pressure-temperature relationship m lummous bacteria These 
forms have a well defined temperature optimum for maximum lummescence 
mtensity, rangmg from 20-32°C , dependmg pnmarily on the bacterial species 
Above this temperature the hght mtensity decreases reversibly, so that lowermg 
the temperature will restore the original lummescence if the bacteria are not 
kept too long at the higher temperature An mcrease of pressure will also 
mcrease the lummescence mtensity at temperatures above the optimum This 
strikmg result is explamed by the effect of pressure m reversmg the equihbnum 
between active and reversibly heat-denatured luciferase, the enzyme respon- 
sible for luminescent oxidations m organisms Rise m temperature shifts 
the equihbnum toward the denatured enzyme, while rise m pressure shifts 
the equihbnum m the opposite duection At temperatures above the optimum 
the lowered hght mtensity is due to lowered active luciferase concentration 
and pressure restores the lummescence by shiftmg the equihbnum toward 
greater concentration of active luciferase It would be mterestmg to know 
if a similar pressure-temperature relationship exists for cyclosis 

The effect of temperature on cyclosis m Characeae is quite well known It 
has been studied by Velten (1876), usmg Cfmafoehda, who found a maximum 
rate at 34°C and by Nageh (1860), usmg Ntiella syncarpa, where the maximum 
is at 37°C , as well as by Lambers (1925, 1926) and Romi 3 n (1931) Lambers 
(1925) gives a curve for cyclosis rate and temperature m Ntiella mucronaia 
which IS very nearly a straight hne between 2°C (8^ per second) and 34°C 
(lOO/i per second) Above 34°C the cyclosis rate depends on the time of 
heatmg 

The Ntiella flextlts used m these pressure experiments had an optimum 
temperature of cyclosis of about , when heated at a rate of 10° m 

30 mmutes, with rapid falhng off of rate with higher temperatures At 38 5° 
the rate was the same as that at 22'’C If kept at the high temperatures there 
was a progressive falhng off m rate which made the experiments difficult to 
cany out Therefore the Ntiella cells withm the pressure chamber at one 
atmosphere pressure were quickly brought to various temperatures rangmg 
from 32°-39°C At 32°C the cyclosis rate was greater than at 22°C , whereas 
at 39°C , the rate was less than at 22°C When the proper high temperature 
was attamed, the pressure was raised to 3000 lbs per square mch, where the 
cyclosis rate was quickly measured, and then to 5000 to 6000 lbs per square 
mch where the cyclosis rate was agam qmckly measured 

In no case did cyclosis rate mcrease as a result of the mcrease m pressure 
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There was always a decrease m rate, slight at 3000 lbs per square mch and 
great at 6000 lbs per square mch If raised only to 32®C there was a return 
of cyclosia to the normal value at 32® when the pressure was released but when 
raised to higher temperatures (37® or 38®) the cyclosis was permanently slowed 
when the pressure was released and did not completely recover at room tpni 
peraturea except after a long tune 

Because of the rapid dechne in cyclosis rate at temperatures above the opti 
mum and the time factor, it is not feasible to work out curves showing the 
effect of pressure on cyclosis at various cntical temperatures The material 
13 not good for pressure temperature studms, because the optimum tempera 
ture 13 so near the maximum temperature at which cyclosis can contmue. In 
lummous bacteria there is a rather long temperature step between the optimum 
and the maximum temperature at which these organisms can luminesce. How- 
ever, I have convinced myself that mcrease m pressure never increases the 
cyclosis rate of Ntteila at temperatures near or above the optimum as is the 
case for the luminescence mtcosity of luminous bacteria Probably the pres- 
sure effects on cyclosis, ameboid movement, cell division, and pigment flow 
in chromatophores are m another category from pressure effects on the lumi- 
nescent reactiDii, which primarily depends on catalytic oxidation. Lumines- 
cence of bacteria is more comparable to such activities os muscle contraction, 
nerve conduction, and dliary or flagellar movement, where moderate pressures 
may increase the activity 

To complete the picture of temperature effects, l(fC was selected as a convenient 
pomt for studying the effect of pressure at temperatures well below the optimum and 
well bdow the temperature of the room In which the plants had been growing ail 
winter At 10® the rate is about half that at 20® However, when the pressure is 
mcreased at this low temperature the rate of cycksis is always decreased relatively 
httle for the first 5000 lbs, per square mch but markedly at 6000 to 10000 lbs per 
square mch When the pressure was removed, the rate returned to that which is 
normal at 10®C and when the temperature was raised to 20 C, the rale returned to 
that characteristic of the higher tenpeiaturc. A curve is given in Fig 1, C There- 
fore, if the slowing of cyclosis at low temperatures is due to mcreased viscosity of the 
protoplasm, as previously explained a soladon by inrreased pressure at low 
temperature cannot counteract the slowing However we do not know how tempera 
ture (or pressure) affects the motive force for cyclosis (whatever it may be) apart 
from an effect on viscosity, and such Lnowled^ is essential for extended discussion. 

There 13 another reason why temperature studies on cyclosis are difficult. 

I can confirm the older observations of Hofmeister (1867), Hermann (1898), 
Lambers (1925) Umrath (1930) Romijn (1931), and Hill (1935) that a sudden 
decrease m temperature will stimulate, causing shock stoppage of cyclosis, 
and m addition have confirmed Dutrochet (1838), that sudden increases m 
temperature will also cause shock stoppage. Time must always be allowed 
for recovery from this shock effect 
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I take pleasure m acknowledging the aid of my research assistant, Mr Harold 
Towne, who made many of the observations on the rate of cyclosis at differ- 
ent pressures 


SUMMARY 

Nttella jlexilts cells are not stimulated to “shock stoppage” of cyclosis by 
suddenly evacuatmg the an: over the water or on sudden readmission of air, 
or on suddenly strikmg a piston m the water-filled chamber m which they are 
kept with a ball whose energy is 7 6 joules, provided the Nttella cell is not 
moved by currents against the side of the chamber 
Sudden mcreases m hydrostatic pressure from zero to 1000 lbs or 0 to 5000 , 
lbs per square mch or 5000 to 9000 lbs per square mch usually do not stimu- 
late to “shock stoppage” of cyclosis, but some cells are stimulated Sudden 
decreases of pressure are more likely to stimulate, agam with variation depend- 
mg on the cell 

In the absence of stimulation, the cyclosis velocity at 23°C slows as the 
pressure is mcreased m steps of 1000 lbs per square mch In some cells a 
regular slowmg is observed, in others there is little slowing until 4000 to 6000 
lbs per square mch, when a rapid slowmg appears, with only 50 per cent to 
30 per cent of the original velocity at 9000 lbs per square mch The cyclosis 
does not completely stop at 10000 lbs per square mch The pressure effect 
IS reversible unless the cells have been kept too long at the high pressure 
At low temperatures (10°C ) and at temperatures near and above (32°- 
38°C ) the optimum temperature for maximum cyclosis (35-36°C ) pressures 
of 3000 to 6000 lbs per square mch cause only further slowmg of cyclosis, with 
no reversal of the temperature effect, such as has been observed m pressure- 
temperature studies on the lummescence of lummous bacteria 
Sudden mcrease m temperature may cause shock stoppage of cyclosis as 
well as sudden decrease m temperature 
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ACCUMULATION OF SALT AND PERMEABUTrY IN PLANT CELLS 
By D R. HOAGLAND and T C. BROYER 
(From Uu Laboratory of Plant NttirUump Univcrniy of Cakforma, Borkdey) 
(Received for pabUcatbn, March 24, 1942) 

This paper represents a further report on the progress of mvestigatioDs 
originally described by Hoagland and Broyeri and by Prevot and Steward * 
(Compare also mvcatigationa of Steward and associates on storage tissues *) 
TLese mveatigations have as their special objective the development of knowl 
edge of the relation of cell metabolism to the accumulation of salt against 
concentration or activity gradients by root cells The general teclmique of 
esperuntntaUnn on roots has already been described ^ As one feature of this 
technique the internal concentrations of salt were usually determined on sap 
expressed from the root tissues after killing them by rapid freeing This pro- 
cedure 13 capable of yielding consistent and useful results on the influence of 
many factors of the internal and external environment on the absorption and 
accumulation of salt* We are of the opimon that most of the salt recovered 
in the expressed sap is located m cell vacuoles, large or small Obviously, 
however, the sap derived from complex tiSEues docs not represent so definite 
a component of living cells as does the vacuolar sap that can be removed 
from large coenocytic algal cells It is of mterest, therefore, to consider 
another method of studymg the movement of salt against gradients m root 
systems. Investigation of the socalled bleeding sap obtained from the roots 
of barlty or other plants when the shoot is abscised a short distance above 
the root system provides another method of study There are vanoua reasons 
for behevmg that this sap emerges primarily from lylem vessels 

Comparuon of CemposUton of Exudates and of Expressed Sap from Roots 

We have made a number of comparisons of the composition of sap expressed 
from barlty root tissues with that of the exudation fluid, m experiments con 
ducted on plants absorbing salt from dilute solutions of potassium bromide 
In one such ea^jenment (F ig 1), barley plants placed m a dark bumid chamber 
had their roots immersed m aerated distilled water They were decapitated 
about 1 inch above the root-stem plate and the bleeding sap collected for 

^Hoagland D R-andBroycr T C P/on* , 1936, 11, 471 
* Prevot, P , and Steward F C Plant Physiol 1936 11, 509 
’Steward F C Tr Faraday Soc , I9i7 33, 1006 
*Broyex T C and Hoagland D R- Am J Bot , 1940 37, 501 
865 
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15 minutes to obtam an imtial sample of exudate The experimental salt 
was then added, t e , KBr solution of 5 milhequivalents per hter concentra- 
tion Successive mcrements of exudate were collected for analysis At 
several mtervals root samples were removed, weighed, centrifuged, and frozen 
for the determination of the K and Br concentrations m the expressed sap 
The data presented illustrate that the exudate, as well as the expressed sap 
of the roots, reflects the power of the actively metabohzmg roots to concen- 




Fig 1 Companson of the concentrations of K and Br m exudates and in expressed 
saps from roots of decapitated barley plants Roots of decapitated plants in aerated 
distilled water (control) and in aerated KBr solution of 5 milhequivalents per hter 
concentration The exuding plants were placed in dark, humid chambers 

Fig 2 Companson of rates of CO 2 production by excised roots under aerobic 
and anaerobic conditions Barley plants grown from Jan 7th to Jan 28th (21 days) 
Experimental culture solutions SO miUiequivalents per hter concentration Tempera- 
ture of culture solution 19 0 ± 0 5°C Nitrogen gas purified through pyiogaUol 
Roots placed m water and pretreated with Nj gas Compare Figs 3 a and b, m 
which data are from a similar experunent 

trate solutes Barker investigators also observed and studied the relations 
between the composition of exudate fluids and that of the culture medium of 
the roots In the recent period, this method of study has assumed greater 
mterest in the hght of developments m research on the active transport of 
solutes by bvmg plant cells 

The data cited m this article indicate that the concentration of mobile 10 ns 
may be of the same order of magmtude m the exudate and m expressed sap 
of the roots from which the exudate arises They are m agreement with re- 
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suits published earlier from this laboratory * Lundegirdh recently cited 
from another pomt of view several results of similar unport,* In the present 
eiq>enments the bromide ion concentrations were nearly the same m the two 
fluids of different ongin (exudate and expressed sap) after a suitable period of 
tune for solute absorption had elapsed Potassium concentrations remained 
considerably hi^er m the expressed aap than m the exudate. Undoubtedly 
the quantitative relations of solute concentration in root sap and exudate 
would vary with the time period of the experiment and with factors affecting 
metabolism. The idea to be stressed here is that the mdependent method of 
exudate study leads to essentially the same general pomt of view concerning 
the metabohcally governed movement of salt against gradients as does the 
study of expressed aap This is of mtercst because the exudate is a fluid 
obtamed without the need of kiUmg and crushing tissues The exudate 
from the barl^ plants contained no protein preapitable by trichloroacetic 
aad Philhs and Mason’ have suggested that the accumulation of solutes by 
tissues of higher plants may be regarded as a phenomenon of the “solvent 
capaaty” of hvmg protoplasm- The evidence offered m this article, as well as 
the evidence available from the mveatigations of NtUUa, Valcma, and other 
large coenocytic cells does not lead to the view that the activities of Eving 
plant cells m concentntmg salt can be explained by the concept of “solvent 
capaaty*’ of protoplasm. Rather a secretory process is indicated 

Respwaiwn tn Relaiwt to Soli Accumulclxon 

The mtimate association of aerobic metabolism with morganic solute ac 
cumulation fay plant ceils gives specia/ importance to the processes of aerobic 
respiration As a general basis for discussion of this aspect of the problem, 
it is useful to call attention to the rates of CO> production by barl^ root cells 
under aerobic and anaerobic conditions Data from one experiment ore 
presented m Fig 2 * The aerobic CO* production is more rapid than the 
anaerobic, but even m the latter case enough carbomc aad is given off to 
make possible mflrkpd salt accumulatiDa, if this were the detenninmg factor • 

• Hoagland, D R., Cold Spring Harbor symposia on quantitative biology, Cold 
Spnng Harbor Long Island Biological Association 1940,8, 181 

Hoagland, D R. and Broyer T C. Am J Bot 1940 27, 173 

• Lundcgllrdh H Plunla 1940 31,184 

’ Phllha E and Mason T G Ann Boi , 1940 4 , n 8 , 645 

• Also sec footnote 1 and data m Tables I and III 

• Unpublished data with excised bailey roots show that a small aerobic accumu 
lation of lml^ can occur at low temperature (0— 5®C ) under which conditions the 
concomitant CO* production may be only 20 per cent of that at normal temperatures 
(20-2S*C,) The rate of CO* production under anaerobx conditions Is frequently 
50 to 60 per cent of that under aerobic conditions, at sunilar nonnal temperatures, 
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Yet anaerobic respiration is meffecUve for this purpose The respiratory 
quotient for well aerated cells is close to 1, provided an excess absorption of 
cation or anion does not occur If an excess of an ion of one sign of charge 
is absorbed then through adjustments m orgamc acid metabolism the respira- 
tory quotient may be altered (Ulrich) “ 

Because of the unportance of aerobic respiration m relation to salt accumu- 
lation, It is an obvious step to mvestigate the influence on salt accumulation of 
respiratory inhibitors A systematic study of roots from this pomt of view 
IS gomg forward In several experiments already completed potassium cyamde 
m relatively low concentration (0 5 to 10 mfllieqmvalents per liter) was added 
to aerated solutions of potassium bronude m which barley roots were immersed 
The cyamde suspended completely, or almost completely, the accumulation 
of K and Br ions, without apparent injury to the roots, except for a develop- 
ment of brown color m higher concentrations of cyamde (Table I, Experi- 
ment 1) The effect of cyanide on salt accumulation was to a certam extent 
reversible (Table I, Expenment 2) The lower effective concentrations of 
cyamde (0 5 to 1 0 milheqmvalents per hter) did not depress CO 2 production 
very greatly, but the more significant oxygen consumption value may show 
greater depression, accordmg to certam unpubbshed data by Machhs, of 
this laboratory The results obtamed with cyamde suggest an mduced 
anaerobiosis The general suggestion is that a metal catalyzed respiratory 
system is linked m some way with the process of salt accumulation, although 
pr eliminar y experiments have not revealed the exact nature of the system 
mvolved 

It IS conceivable that a hydrogen acceptor which would modify the course 
of respuration would hkewise influence the accumulation of electrolytes The 
effects of methylene blue were studied from this viewpomt The presence of 
this hydrogen acceptor in the nutrient medium m very low concentrations 
(1 X 10~® to 1 X 10"^ molar) had httle influence on either CO 2 production or 
electrolyte absorption Methylene blue concentrations of 1 X 10^ molar 
which were effective m inhibitmg salt accumulation (Table U), did not de- 
press the average rate of CO 2 production over an experunental period of 4 
hours Although the methylene blue-treated tissues (1 X 10~® m) frequently 
appeared to be turgid, a tissue mjury was apparent m the general loss m fresh 
weight and solute by the roots durmg this interval of time These effects were 
irreversible Methylene blue mcreased the permeabflity of the cells, as mdi- 


but appreciable salt accumulation does not occur Smce under low oxygen tensions 
the respiratory quotient mcreases, oxygen absorption would be a more satisfactory 
mdex of respiratory metabohsm m relation to absorption of salt (compare data on 
respiration of plant tissues by Merry and Goddard, see Merry, J , and Goddard, 
D R , Proc Rochester Acad Sc , 1941, 8, 28) than CO 2 produced 
“ Ulnch, A , Ain J Bot , 1941, 28, 526 
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TABLE I 

E^tds of Atratton and of Cyanidt on tha Absorption tsf K and Br by Bxastd BaH^y Roots 


KxpcrimfiDtal coodltkiw 

Campodlkn oJ 
npiuMid tap pa Bta 

Ket absorption 
pa Uta 

Ropiiatloa 
nt* In 
■mmnt oi 
COip«r hr 

pa 

frnli velibt 
dune 

C. 

Br 

K 

Bt 



*. H 

•* 

».«f 

■f 

Exptnmsfti I 






Control root* (Initial status) 

16 S 

0 0 




Dtttgkd water* aerated 

25 2 

0 0 

-1 6 

0 0 

0 29 

Distilled water Ni go* 

21 7 

0 0 

-5 1 

0 0 

0 16 

B3r 5 m cq per L aerated. 

55 9 

22 3 

29 1 

22 3 

0 32 

KBr 5 m eq per L N» go* 

26 7 


-0 1 

3 2 

0 12 

KCN 0.S xn eq per L aerated. 

25 6 1 

0 0 * 

-1 2 

0 0 

0 29 

KCN 1 0 m. eq per L aerated- 

22 5 1 

0 0 ' 

-4 3 

0 0 

0 20 

KCN 3 0 m eq per L aerated 

27 3 

0 0 

0 5 

0 0 

0 08 

KBr 5 m. eq per 1 pin* KCN OJ 






m. eq per L aerated ' 

26 4 

4 7 

-0 4 

4 7 

0 27 

KBr 5 m. eq per L plu* KCN 1 0 






m. eq perL aerated 

24 3 

0 0 ' 

-2 5 

0 0 

0 19 

KBr nu eq per L, pins KCN 3B 






m eq per 1 aerated. 

31 8 

0 8 

5 0 1 

0 8 

0 10 

Experimall 

1 





C43ntrol rtMts (lidtial status) 

18 6 

0 0 




KBr 5 m eq per L 

44 5 

33 8 

259 

1 33 8 


KBr S m. eq per L, plus KCN lOB 

i 





m eq per 1 

; 23 9 

2 1 

5 3 

2 1 


KBr 5 m- eq per L phr* KCN lOB 






m eq perl^ffilowtdby wasldng 

1 

1 




thcnKBr5m.eq perL 

I 31 9 

1 18 0 

13 3 

18 0 


ExptrimttU 3 






Control roots (initial status) 

25 0 

0 0 




KBr 50 m. eq per L plus KCN 143 






m. eq per L 

19 2 

6 8 

4 2 

6 8 



Expcmncit 1 Btiley pUata grwD from OcL IS to Nov 8 (24 d*y») EipcrimcnUl 
8 hooxA* pH of cyonld cnltnxes iboot 7 0 Nitrogen gas pimfied through pyrogilloL 
Temperatoie of cultore tolaUoos 22 C. 

Eipcilnicnt 2 Bailey plant* grown from June 3 to June 24 (21 day*) Eipenmental 
period* 5 hour»> All culture sohiUon* aerated. Tcmpcratuie* of culture solution* 
21.S± O.S'C 

Eipertmcnt 3 Barley plant* grown from Dec. 30 to Jan. 30 (31 days) Eipcrimental 
penoda 8 hour*. Culturo *olntioa aerated. Temperature of culture solution 17 0 ± O.S®C 

cated by outward movement of solutes, and COj production contmued, but 
diatuibiicc of the protoplasmic mechaniam prevented salt accumulation. 
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Yet anaerobic respiration is meffective for this purpose The respiratory- 
quotient for well aerated cells is close to 1, provided an excess absorption of 
cation or anion does not occur If an excess of an ion of one sign of charge 
is absorbed then through adjustments m orgamc aad metabolism the respua- 
tory quotient may be altered (Ulrich) 

Because of the importance of aerobic respiration m relation to salt accumu- 
lation, It IS an obvious step to mvestigate the influence on salt accumulation of 
respuratory mhibitors A systematic study of roots from this pomt of -view 
IS going forward In several experiments already completed potassium cyamde 
m relatively low concentration (0 5 to 10 milhequivalents per liter) was added 
to aerated solutions of potassium bromide m which barley roots were immersed 
The cyamde suspended completely, or almost completely, the accumulation 
of K and Br ions, without apparent mjury to the roots, except for a develop- 
ment of brown color m higher concentrations of cyanide (Table I, Experi- 
ment 1) The effect of cyanide on salt accumulation was to a certam extent 
reversible (Table I, Experiment 2) The lower effective concentrations of 
cyamde (0 5 to 1 0 milliequivalents per hter) did not depress CO 2 production 
very greatly, but the more significant oxygen consumption value may show 
greater depression, accordmg to certam unpublished data by Machlis, of 
this laboratory The results obtamed with cyanide suggest an mduced 
anaerobiosis The general suggestion is that a metal catalyzed respuratory 
system is linked m some way with the process of salt accumulation, although 
preliminary experunents have not revealed the exact nature of the system 
mvolved 

It IS conceivable that a hydrogen acceptor which would modify the course 
of respiration would hkewise influence the accumulation of electrolytes The 
effects of methylene blue were studied from this -viewpomt The presence of 
this hydrogen acceptor m the nutnent medium m very low concentrations 
(1 X Iff"® to 1 X Iff"'* molar) had httle influence on either CO 2 production or 
electrolyte absorption Methylene blue concentrations of 1 X Iff"® molar 
which were effective m mhibitmg salt accumulation (Table 11), did not de- 
press the average rate of CO 2 production over an experimental period of 4 
hours Although the methylene blue-treated tissues (1 X Iff"® m) frequently 
appeared to be turgid, a tissue mjury was apparent m the general loss m fresh 
weight and solute by the roots durmg this interval of time These effects were 
irreversible Methylene blue mcreased the permeabihty of the cells, as mdi- 


but appreciable salt accumulation does not occur Smce under low oxygen tensions 
the respuatory quotient mcreases, oxygen absorption would be a more satisfactory 
mdex of respuatory metabolism m relation to absorption of salt (compare data on 
respuation of plant tissues by Merry and Goddard, see Merry, J , and Goddard, 
D R , Froc Rochester Acad Sc , 1941, 8, 28) than CO 2 produced 
Ukich, A , Am J Bot , 1941, 28, 526 
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Another approach to the possibility that absorption of salt might be retarded 
or prevented through by products of fermentative processes was made It 
was considered that these by products mi^t not be formed m significant 
quantities anaerobically under conditions of low temperature. If penne- 
abihty per se were not impaired or not essentially low at all tunes, then ions 
should move readily mto the cell loith a positive mward concentration gradient 
at a low temperature In one experiment, the results of which are presented 
m Table IV, the effects of passing air and Nj gas through the culture solution 
on the absorption of K. and Br with a coimentiation gradient were compiared. 


TABLE m 

Efeeis oj Ladalt ani of Elhanot on ikt Absorption of K aai Br hy Esciud Barity Roots 



Cqoipotttkn of 
expccavd Mp per Ultr 

Ketibiotpdoa 
p«r atet 

KaplimtloQ 
T»U Jn 
UMootoI 
CO» per br 

irnb wtl^t 
Udo* 

K 

fir 

C 

Br 



m 

•, ts 

», w 


Central roots (Imtul status) 

23 2 

0 0 




E3r 50 m, eq per L, plus K Uctau 






0 001 u (pH 5) aerated 

77 1 

38 7 

S3 9 

38 7 

0 33 

EBr 50 m, eq per L phis E UeUtq 






OJMl « (pH S) Ni gu 

27 9 

8 1 * 

i 7 ‘ 

8 1 

0 19 

KBr 50 m. eq per L phis ethyl alcD>^ 


! 




hoi 0 01 u, amated I 

73 0 

33 5 1 

49 8 

33 5 

034 

E3r 50 m. eq per L, phis ethyl alco-j 






hoi OOl u Ni gas | 

16 9 

7 9 1 

-6 3 

7 9 

0 19 


Botley pl&nU gr o vn from Aog 28 to Sept 18 (21 dayi) Ezpenmcntxl periods 12 houti 
Tempcr».tttic of culture solutions 13 J dz OJ C Nitrogen gas jxiriSed tlinmgh pyrogallol. 
AU were toigld at the tenninBtkxx of the expenment Fresh weights and sugar cdd« 

^ta of maintaine d. Roots placed m water and pTctreatcd with Ni gts. 

The extremely slow entry of those ions, either at the lower or the higher 
temperature, when Nj gas was passed, docs not supply evidence for a tem 
perature controlled effect on the formation of substances mfluenemg per- 
meability However the modifying mfiuence of low temperatures on the 
viscosity of protoplasm and membrane structure must not be disregarded 
Thus far, except for the temperature experiment just discussed, we have had 
in mmd studies of salt accumulation from dilute solutions (5 milhequivalcnts 
per hter or less) in which the initial concentration of potassium in the culture 
solution was much lower rhnn the imtial concentration of K In the roots Bro- 
mide although not mitially present m the roots, rapidly rose to a concentra- 
tion higher than that of the external solution, and the potassium was con- 
comitantly accumulated against the enstent concentration gradient. Other 
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The influence of oxygen deficiency in preventing salt accumulation xmght be 
associated with the formation of by-products of fermentative processes, such 
as alcohol or lactic acid An experiment was carried out m which these sub- 
stances were added to the culture solution, under aerobic and anaerobic 
conditions (Table IH) Under aerobic conditions neither the alcohol (0 01 m) 
nor the lactic acid (0 001 m) had the inhibitmg effect on the entrance of salt 
mto the tissue that was produced by oxygen depnvation It may be that 
oxidation of the lactic acid or alcohol was sufhciently rapid to prevent any 

TABLE n 


Effects of Methylene Blue on the Absorptum of K and Br by Excised Barley Roots 


Expenmental conditions 

Composition of 
eipressMsap per liter 

Net absorption 
per liter 

Respiration 
rate in 
amount of 
COj per br 
per gm 
fr^ weight 
tissue 

K 

Br 

K 

Br 


m tq 

m cq 

m eq 

in eq 

CTg 

Experiment 1 

\ 





Control roots (uutial status) 

22 3 

0 0 




Distilled water 

21 0 

0 0 

-1 3 

0 0 


Methylene blue 0 001 m 

8 7 

0 0 

-13 6 

0 0 


KBr 5 m eq per L 

37 9 

7 85 

15 6 

7 85 


KBr 5 m eq per I plus methylene 






blue 0 001 ir 

12 5 

2 04 

-9 8 

2 04 

0 43 

KBr 5 m eq per I plus methylene 






blue 0 001 it, followed by wash- 






mg, then KBr 5 m eq perl 

11 8 

4 05 

-10 5 

4 05 

0 26* 


Experiment 1 Barley plants grown from Apr 8 to May 2 (24 days) Experimental penods 
each 4 hours Culture solutions aerated Temperatures of culture solutions 21 5 ± 0 S°C 
At the termmation of each experimental penod all roots appeared to be turgid, losses m fresh 
weight of tissue dunng the experiment were not sigmficant Sugar losses from roots treated 
with methylene blue were sigmficantly greater than those accountable to normal respuatory 
processes 

*This figure represents the respiration rate obtamed dunng the secondary treatment. 
The value dunng the pnmary treatment was 0 40 

mterference with protoplasmic reactions Or, as Blinks^ suggests, on the 
basis of the work of Osterhout and Hill,*^ it is conceivable that under anaerobi- 
osis there may exist as an influential factor, not the formation of a deleterious 
product of metabolism, but rather the failure of synthesis of some protoplas- 
mically active compound 

“ Blinks, L R , Cold Spring Harbor symposia on quantitative biology, Cold 
Spring Harbor, Long Island Biological Association, 1940, 8, 204 

^ Osterhout, W J V , and Hill, S E , Proc Soc Exp Bwl and Med , 1934-35, 

32, 715 










D a EOAGLAND AND T C BILOYEi 


873 



Flo 3 a Effects of air and Ni on the absorption of E and Br by barley 

roots, under condiUona of an Inward concentration gradienL 



Flo 36 

Fic 36 Effects of air and Ni on the absorption of K and Br by excised barley 
roots under conditions of an inward coucentiation gradient, as measured by fflpctr yal 
conductivity 

Figs 3 a and 3 6 Badey grown from June 23 to July 15 (22 daya) Temperature 
of culture solutions 22.0 ± 0 5®C Nitrogen gas purified through pyrogaBoL Roots 
placed m water and pretreated with Nt gas. Roots m 48 hour aerated condition 
were slightly flacad at time of removal, roots of all other sets were turgid. Compare 
Fig 2 which data arc from a sTmilar expetunent. 

Uhder an anaerobic cnvuoninent the roots may lose to distilled water a 
small amount of potassium. This does not occur to a significant degree under 
an aerobic environment, as long as cells remain m healthy condition The 
outward movement of ions under onaeiobiosis, over limited expenmental 
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expemaents have now been made with solutions of much higher concentration 
of K and Br m the culture medium, but not so high as to mduce harmful 
osmotic disturbances These concentrations were 50 or 60 miUiequivalents 
per hter of KBr The mward gradient of K was then positive from the 
beginnmg 

Effects on mward salt movement were compared for aerated solutions and 
solutions through which purified nitrogen gas was passed (Figs 3(i and 2 b) 
Anaerobically very httle potassium entered the roots, not withstandmg that 
a marked mward gradient existed for this ion, while aerobically the potassium 
was rapidly absorbed and even accumulated to a higher concentration than 
that of the relatively strong external solution Bromide ions moved mward 

TABLE IV 


Effects of Temperature and Aeralton on the Absorption of K and Br by Excised Barley Roots 


Eipenmeatal conditions 

Composition of 
expressed sap per liter 

Net absorption 
per hter 

K 

1 

Br 

K 

Br 


m 

m eg 

m eg 

M eg 

Control roots (imtial status) 

22 0 

0 0 



KBr 60m eq perl ,0 75'’C, aerated 

40 S 

16 1 

18 5 

16 1 

KBr 60m eq perl ,0 75°C,N2 gas 

27 8 

9 7 

5 8 

9 7 

KBr 60 m eq per 1 , 18 5°C, aerated 

80 4 

50 0 

58 4 


KBr 60 m eq per 1 , 18 S®C, Nj gas 

29 2 

10 7 

7 2 

B 


Barley plants grown from Nov 4 to Nov 27 (23 days) Experimental penods 12 hours 
Nitrogen gas punfied through pyrogallol Temperature of culture solutions 0 75 d= 0 05°C 
and 18 5 ± 0 S'C The speafic conductivities of the expressed sap followed directly the 
changes m K and Br Roots placed m water and pretreated with Nj gas 

only to a shght degree when the cells were deprived of oxygen, but entry 
was rapid when the cells were adequately aerated When CO 2 was passed 
through the culture solution, the absorption curves for K and Br were sunilar 
to those for N 2 gas (Figs 3 a and 2 b) Further, it is apparent from the data 
of Table I, Experiment 3, that the suppression of entry of ElBr mto the cells 
even with an mward concentration gradient, under aerobic, cyamde treat- 
ment, was likewise sunilar to the anaerobic effect obtamed when oxygen was 
withheld (N 2 gas treatment) Incidentally, attention may be called to the 
relative rates of aerobic accumulation of potassium and bromide ions (Fig 3 a) 
As frequently happens m the early stages of salt absorption by roots of high 
absorbmg capacity, potassium ions were absorbed more rapidly than the 
associated amons This mvolves ion exchanges which have been discussed 
elsewhere “ 

Broyer, T C , and Overstreet, R., Am J Bot , 1940, 27, 425 
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Fio 3 a Effects of air aad Ni on the absorption of K and Br by excised barley 
roots, under conditions of an inward concentration gradient* 



Fio 34 

Fio 36 Effects of air and Ni on the absorption of K and Br by eiased barley 
roots under Conditions of an inward concentration gradient as measured by electrical 

conductivity 

Figs 3aind36 Bariey grown from June 23 to July 15 (22 days) Temperature 
of culture solutions 22 0 ± 0*5 C Nitrogen gas purified through pyrogalloL Roots 
placed In water and pretreated with Nj gas. Roots m 48 hour aerated condition 
were ih^tly flaccid at time of removal rooU of all other sets were turgid. Compare 
Fig 2, which data are from a similar expenment. 

Under on anaerobic environment the roots may lose to distilled water a 
small amount of potasamm. This does not occur to a significant degree under 
mi aerobic envuomnent, as long as cells r ema i n m healthy condition The 
mitward movement of ions under anacrobioso, over limited eipenmental 
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penods, is nevertheless shght m comparison with the loss from markedly 
mjured cells, and sometimes it is not certam that any net efflux occurs When 
it does, it IS still possible that some, if not all, of the loss may have ongmated 
m senescent cells, breaking down more rapidly because of oxygen deficiency 
Conceivably many of the cells retam their solutes completely for a considerable 
period even though they are unable to accumulate more solutes Undoubt- 
edly over a long penod of tune oxygen is essential to mamtam barley root cells 
m a state enabimg them to retam their solutes, but they can mamtam without 
oxygen supply a salt concentration higher inside than outside for 48 hours 
or more 

The data already discussed raise various questions of permeabihty, m the 
restricted sense of the term, versus active transport of salt or ions The 
extensive work of Blinks^* on Hahcyshs cells requires attention m this con- 
nection He studied the effects of oxygen on bioelectnc potentials and m 
relation to lomc discrimination by the protoplasm The effects of oxygen 
deprivation of sufficient degree m decreasmg or abohshmg the normally mam- 
tamed bioelectncal potential, were very str ikin g Over a considerable period 
of time, the effects were reversible This mvestigator also measured elec- 
trical resistance across the protoplasm (by a direct current method) of cells 
supphed with oxygen m comparison with cells depnved of osygen The 
resistance was found to be far greater for the cells depnved of oxygen These 
observations were mterpreted m terms of decrease m permeabihty of some 
protoplasmic surface or decrease of mobihty of ions m the protoplasm m 
general, when aerobic metabolism is abolished 

The data we have cited on root tissues could likewise be considered as 
mdicatmg a greatly decreased cell permeabihty as a consequence of anaero- 
biosis, or of the action of respiratory poisons hke cyamde On the other 
hand, at least as far as the root experiments are concerned, one may conceive 
that a pumpmg mechanism is made moperative when some component of 
the aerobic respiratory system fads under oxygen deficit, or when an inhibitor 
of aerobic respiration is m action In other words, the cells may be relatively 
impermeable, at least at the vacuolar membrane, under these circumstances 
(untd protoplasmic breakdown occurs) as well as when active aerobic metabo- 
lism IS takin g place, but the latter process permits the solute to be actively 
secreted, as a net effect, mto the vacuole There would still remam for elucida- 
tion the ionic exchanges that can take place, especially when anions are 
mvolved (Compare early observations on Br-Cl exchanges m Nttella ^®) On 
this pomt it may be noted, however, that certam experiments on roots with 

Blinks, L R , Darsie, M L , Jr , and SLow, R EL, / Gen Physiol , 1938, 22, 
255 

“ Hoagland, D R , Hibbard, P L , and Davis, A R , / Gen Physiol , 1926, 

10, 121 
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radioactive bromide indicate that while considerable exchange of radioactive 
for non radioactive bromide ions can occur, aerobicalfy, (data on anaerobic 
conditions are not completed) at the same tune the net mward movement of 
bromide greatly surpasses the exchange of ions 
CoUander^ has shown m experiments on Cliara and TolypelUfpsis cells that 
the exchange of cations between sap and solution is extremely slow and he 
believes that this means a hi^ degree of impcnneabihty m the protoplasm 
or its membranes Overstreet and Broyer^’ have published data on root cells 
indicating that only about 10 per cent of the potassium present in the cells 
is readily exchangeable m expenmenta with isotopes It is not certain that 
even this limited exchange occurs between vacuole and solution About 10 
per cent of the potassium is not recoverable in composite expressed sap 
One rather crude concept would be that the salt or its ions are forced into 
the vacuole, although membrane properties prevent them from readily diffusing 
out into distilled water Another concept is that of a dynamic system m 
which the salt or ions of the salt arc actively transported to the vacuole 
and the solutes moving outward are earned bach, except as certain lomc 
exchanges meanwhile take place. We are, of course, aware that these specula- 
tive views imply merely that the mechanism of salt accumulation remains an 
unsolved problem. In any event, the system of the higher plant as a whole 
involves other complications. Salt previously accumulated m root may 
be removed mward and then be earned upvrard to be accumulated by cells of 
the shoot This polanied movement out of root ceUs also requires much 
further investigation (Compare Crafts and Broytr 
Expenmenis on Nitdla Cdh 

Additional light on some of the problems of salt accumulation comes from 
recent expenments on Ntldla cells in which radioactive isotopes were employed. 
Brooks*® was the first to apply this technique to NxttUa cells A rough separa 
tion of cell sap, protoplasm, and cell wall was made. Brooks found that 
radioactive rubidnim entered the protoplasm rapidly, although subsequent 
movement into the vacuole was very slow under the conditions of hia expen 
ments The metabolic activity and capaaty for accumulating additional total 
salt are at a for lower rate level in NxitUa than m roots of the type referred to 
m this article We have recently conducted other expenmenta on NdSo 
with radioactive isotopes, to supplement as directly as possible the eipcri 
ments on roots and to cany further early studies on Nddlo m this laboratory “ 

CoUander R., Proio^loitita, 1939 33, 215 
** Overstreet, R. and Broycr, T C Ptoc Nat Acad. Sc. 1940 26, 16, 

^*Broyer T C and Hoagland, D R. ApuJ So/ , 1940 27,501 
1* Crafts A S and Broyer T C Am J Bal 193S 26, 529 
=® Brooks SC / Cell ami Comp PkysioL, 1938 11, 247 
^ Hoagland D R, and Davis A- R-, ProtoplasTna, 1929 6, 610 
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Nitella cells were grown m pond water Nodal cells and the terminal bud were 
removed (m Expenments 1 and 2 to be cited) from the mam axis of the thallus The 
large mtemodal cells were replaced mto vessels contammg pond water to allow them to 
reestablish equihbnum ivith their normal environment These filaments (or m 
Experiment 3, untreated group of cells) were placed mto solutions contammg radio- 
active salt and subjected to either contmuous light or darkness, with aur or N 2 gas 
contmuously passed through the bathmg medium The light mtensity, when apphed, 
was 200 watts (dayhght, fluorescent lamps) at approximately 2 feet Large mter- 
nodal cells were mdividually broken and the vacuolar sap collected This was centn- 
fuged and an ahquot of the clear supernatant sap counted for its radioactivity After 
removmg the sap, the residues from the debranched fiilaments, mcludmg protoplasm 
and cell walls (Brooks has shown the latter to possess httle or no capacity for ac- 
cumulation) were dned and leached to volume, with hot acidulated water, to remove 
the radioactive ions sought Counts on ahquots of the filtered leach were con- 
verted for tabular comparison to activity per milli liter of residual sap, based on the 
loss m weight on drymg the residue 

We shall refer here only to several experiments with radioactive rubidium or 
broimde ions The data now at hand give evidence m accordance with the 
conclusion of Brooks, that at first there is an accumulation of the radioactive 
10 ns m the protoplasm, but the present data suggest contmued movement of 
the 10 ns mto the vacuole (Table V, Experunent 1) imtil m course of tune the 
concentration m the vacuole (at least for Br) exceeds that m the protoplasm 
(Table V, Expenment 2) If this latter relation can be substantiated, “ it 
would imply a secretory process, operatmg from protoplasm to vacuole 
Under an aerobic condition, the radioactive 10 ns accumulated m the vacuole 
to a defimtely higher concentration than that m the external solution, but this 
concentratmg effect did not appear under an anaerobic condition, which was 
attained by placmg cells m the dark with N 2 gas passed through the solution 
(Table V, Expenment 3) Cells m the hght, of course, produce oxygen and can 
accumulate salt, even if no air is passed through the solution, although there is a 
suggestion from one experiment that aerated cells m the hght have the greatest 
activity for the mward movement of salt Prehmmary data by Blinks^ 
further suggest that entry of ions mto the vacuoles of Haltcyshs cells is m- 
fluenced by oxygen supply In an aerobic environment radioactive rubidium 
entered the cells until vacuolar sap concentration finally exceeded protoplasmic 
concentration 

Some of the evidence on Nilella cells from the work of Brooks and others 

“ At present it is not possible to evaluate the errors resultmg from contamination 
of cell residue by external solution or vacuolar sap Contammation would also be 
present if attempts were made to remove protoplasm accordmg to the technique of 
Brooks 

Pnvate communication 
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may me a n tliat the vacuolar merabrane has but very abght permeability 
Nevertheless, by the pump-HLe action, additional increments of salt may move 
mto the vacuole under sulEcieritly ^vorable metabohe conditions We believe 
that movement of this kmd la particularly fast m activ ely metabolizmg root 
cells. Certainly if the root system as a whole is considered, very rapidoccumu 


TABLE V 

Ahscrpiian ofRi* and Br* Ions by NtUlla 



Bt In cuonts pti nU. 
per mL 

Bt ntlot la coqqU pu 
ala. ptt tid. 

Spec. cood. to 
enlwM X 10~« 

1 S.P 1 

Ex 

tcraxl 

•obitkm 

VuQoU 

Vscook 

lUUdiM 

V»cno> 
Ur up 

£x 

tcraxl 

(oKitinn 

Vl£tl0l« 

acsido* 

a^stdoa 

£x 

Ureal 
10 lotion' 

Ex 

Uranl 

lolalien 

Esptnmenl 1 









Rb*a aerated, light 1 day 

82 

417 

33 ' 

0 2 

2 5 ' 

12 6 



Rb*Q aerated, Kgbt 10 days. 

400 

51S 

33 

0 7 

12 I 

16 5 



ExpenauniZ 



1 






Control celU (InitUl status).. 







6 9 


EBr* aerated, Hgbt 23 tua. 

5180 

3840 

230 

I 4 

' 19 

14 

8 9 

' 0 2 

EBr* aerated, light 71 hrs. 

12000 

1 

6750 

230 

1 

1 8 

43 

24 

10 4 

1 

0 2 

EspermtnlS 

1 








1^*0, aerated, light 

74 

. — 

30 

— 

2 5 

— 



Rb*Cl, Nt gas, dark 

23 

— 

24 


0 7 

— 




Expenment 1 NtUiia cells from pond wat£r Nodxl ctlls and terminal buds romovtd 
from crTli of main azti of thallua. Only Uicse latter cells irem used In the absorption studica. 
The experimental external solution was Rb Cl 1 0 mfllkqiii valent per liter 

Experiment 2 Nticila cells from pond water Nodal ctllj and tennlnnl bods removed 
from of mam ^th of thallus. Only these Utter cells were used in the absorpuem studies. 
The experimental external solutlnn was KBr* 1 18 milheqaivalcnta per liter 

Experiment 3 NtUBa ceQs from pond water A composite group of cells waa nsed dunng 
the absorptjoa period. Vacuolar sap was obtained froca large cells of the composite sample. 
Tbc experimental external solntiaD was Rb*Cl 5 mflliequivilenU per hter 

lation of salt in the root exudate can take place Withm less than half an 
hour mobile ions can be transferred to the exudate m concentrations higher 
than those of the solution from which absorption takes place. 

Studies on Fluids Ohlained by Suction from Tomato Rootf 

Another way of attacking the general problem will now be considered. 
Sturdy young tomato plants were decapitated several inches above the junction 
of stem and root and by attaching a tube to the cut stem, suction was applied 
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Fig 4 a Effects of differential gas treatments on the concentration of bromide 
ions m exudates from decapitated tomato plants 

Fig 46 Effects of differential gas treatments on the rate of exudation by de- 
capitated tomato plants 

Figs 4 a and 46 Tomato plants grown with aeration in a culture solution of the 
following composition 


KNOa 

CafNOsls 

MgS 04 

KHjPOi 


0 0025 m 
0 0025 M 

0 001 M 

0 0005 M 


Fe as iron tartrate, 1 ml of 0 5 per cent solution per hter of culture 
solution 

Micronutnents as required 

Growth penod from Oct 10 to Nov 26 (47 days) Experimental culture solution 
5 miihequivalents per liter Gases were continuously passed through the solutions 
All roots were aerated until 6PM Differential gas treatments of air, Ns and COj 
were then apphed Suction equal to 740 mm Hg was continuously apphed (except 
durmg observations on volume of exudate and dunng removal of increments of exuded 
fluid) throughout the experiment At the termination of the experiment the abilities 
of the plants to develop an exudation pressure (as a measure of the state of the root 
systems) were noted The foUowmg results were obtamed aerated cultures, appreci- 
able and maintained exudation pressure, Nj treated cultures, a weak yet maintamed 
pressure, CO 2 treated cultures, no exudation pressure over an extended interval of 
time The roots in the CO 2 treated culture were flacad at the termmation of suction 
exudation 


and the fluid obtamed exammed under various conditions m the root environ- 
ment This IS essentially the method described by Kramer 
The results of one experiment are presented m two graphs (Figs 4 a 


21 Kramer, P I , Am J Boi , 1940, 27, 216 
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and 4 b) ITie first sections of the curves represent data obtained on fluid 
recovered in the penod during which air was passed through the solution in 
contact with the roots Then one plant continued to recei\e aeration, one 
was subjected to nitrogen gas, and one to carbon dioxide gas In the two 
latter cases, an abrupt downward trend In the concentration curves for bromide 
13 evident (Fig 4o) The concentration of this Ion in the recovered fluid 
became much lower than that of the external solution, whereas during the 
aerobic penod It was much higher There followed an upward trend m the 
COa curve until the concentration of bromide attained approximate equahty 
with that of the solution The upward trend of the N» curve, within the time 
penod of the experiment, was less marked and the concentration of bromide 
in the fluid recovered by suction remained bwer than that of the external 
solution. The other figure (Fig 4 6) represents volumes of solution recovered 
over vanous time mtervals (compare Kramer) Similar trends in the curves 
for the several treatments are observable- The mjunous effect of the COa 
treatment was manifest m the latter stages of the experiment, but in the mtro- 
gen treated plants similar effects were much less appaient. 

The most obvious mterpretation of these experimental results is that the 
effects of Nj and COa cause nutially a decrease m root permeability to morganic 
solutes and to water, and also in power to accumulate solutes, folbwtd by a 
protoplasmic breakdown with increase of permeability, vnlhovi power of solute 
accumulation on the part of the cells. 

DISCUSSION 

If all the vanous Imes of evidence are brought together, the general picture 
would seem to be that permeability, metabolism, and accumulation of salt 
ore BO mtimately mterrelated that generally it becomes imposaible to disen 
tangb the several aspects of the phenomena. Blinks has emphasized on the 
basis of his bioelectric measurements on Balicyslts cells that pcrmeabihty and 
metabolism may be connected through the relation of metabolism to the for- 
mation and maintenance of protoplasmic membranes. As we have already 
pomted out, in the root systems of plants there are still other reactions to 
PT plqm in the polarized movement of ions out of the root cells As the subject 
develops and the results of new types of expenments become available, the 
general conclusion is reinforced that the absorption and movement fons in 
the plant, m nearly all them aspects, require an increasing understanding of 
the metabolism of plant cells The limitations of many earlier experiments on 
permeabihty of cc^ m their appheation to problems of plant nutntion become 
It has seemed especially appropriate to submit this bnef discussion on 
accumulation of inorganic solutes and permeobflity m plant cells for pubhea 
tion in a volume dedicated to Dr Oaterhout, who has for so many years con 
tributed to this field of inquiry The artide has been prepared with the 
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hope that the data presented may serve a purpose as an aid to stunulatmg 
further discussion of the problems of plants absorbmg their morgamc nutrients 
from dilute media 


SUMMARY 

1 Compansons are made of concentrations of K and Br m exudates of 
barley roots and m expressed sap from roots, under conditions favorable for 
aerobic metabohsm Both methods lead to the same general viewpoint con- 
cerrung metabohcally governed transport of solutes by hvmg plant cells 

2 Cyamde m low concentration prevented salt accumulation by barley 
roots Methylene blue, without decrease of CO 2 production by roots, 
destroyed power of salt accumulation 

3 K. and Br ions entered roots to only a shght extent under an anaerobic 
condition, even with an mward gradient of lomc concentration 

4 Lactate or alcohol, under aerobic conditions, did not prevent rapid accu- 
mulation of salt by root cells 

5 Experiments on fluids obtamed by suction from tomato roots gave evi- 
dence of loss of salt-accumulatmg power under the influence of Nj gas or CO 2 
gas, together with probable effects on ceU permeability 

6 Several experiments on Nitella cells m which radioactive isotopes were 
used are reported Bromide gradually moved mto vacuolar sap until the con- 
centration appeared to exceed that of the protoplasm, on the basis of the 
results of the several types of experiments Accumulation of salt m the 
vacuole did not occur anaerobically 

7 Some views of mterrelations of permeabihty, salt accumulation, and me- 
tabohsm are suggested for further discussion 



THE PREPAILA,TTON AND DSE OF TOBACCO MOSAIC VIRUS 
CONTAINING RADIOACTIVE PHOSPHORUS 

By W M STANLEY 

{From tht Department of Ammal and Plant Pathohgp of The Roctefelkr Institute for 
Medical Eesearcltj Princeton New Jersey) 

PtAXES 6 ASD 7 

(Recaved for pabUcation April 8, 1942) 

One of the major mysteries surrounding virusea is their manner of reproduc 
tion or growth Despite the fact that the introduction of one umt of a vinia 
withm a Uvmg cell of a susceptible host i» followed by the production of mil 
hons of virus units, practically nothmg is known concerning the reproductive 
process It is not known whether subsequent generations of virus are produced 
by some catalytic process m which none of the substance of the inoculum is 
incorporated into subsequently produced virus, or by a process sunilor to that 
mvoWed m the growth of organisms m which a portion of the substance of the 
parent is transferred to the progeny, or by means of some new and unknown 
process This problem la one of considerable importance, for it is related di 
rectly to the fundamental nature of viruses. It seemed possible that the prepa 
ration and isolation of tobacco mosaic virus containing radioactive phosphorus, 
the inoculation of plants with virus marked by radioactivity, and the deter 
mmation of the distribution of the radioactivity m the diseased plants follow 
mg extensive multipUcatlon of virus should provide some measure of informa- 
tion concenung the process of virus reproduction If, following the mocula 
tion of the marked virus, radioactivity should be demonstrable m portions of 
the plant other than m the moculated leaves, it mi^t provide a basis for ARsiim 
mg that reproduction by fission had occurred. If, on the other hand, all of 
the radioactivity m the moculum could be recovered from the inoculated leaves, 
the result might be mterpreted to mean that reproduction had followed some 
catalytic process. 

There is evidence that tobacco mosaic virus m mosaic-diseased plants acts 
as a foreign protem m that it docs not appear to enter mto catabolic processes 
and cannot be uUlirod m the synthesis of normal plant proteins (1, 2) It 
seemed possible therefore that theoretical objections to the method of ap- 
proach outlmed above, based on the known labihty »« vivo of components of 
protems (3), mi^t not necessarily prove valid m the present case. Although 
rapid movement of virus within plant stems has been noted (4), it is possible 
that a given umt of virus usually remains localized and does not move from 
place to place Despite the number of tlmoreUcal and experimental diffinil 
rifs, mcluding those just mmtinned and those discussed by Amon, Stout, and 
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corresponding sets of diseased plants weighed 430 gm and 385 gm , respec- 
tively The roots, sand, and pots from the 2 sets of plants fed radioactive 
phosphorus were well washed and the wash waters concentrated and saved 
The virus present m the diseased plants which had been fed with radioactive 
phosphorus was then isolated by means of differential centrifugation The 
water-insoluble material which was obtamed on ultracentrifugation was added 
to the mash or press cake The supernatant hqmds which were obtamed 

TABLE I 


Disiributwn of Radtoactmly tn Normal and Tobacco Mosaic-Diseased Plants* 


Exoemnent No 

Virus 

Supematsnt liquids from 
first 3 oltraceutnfugatioas 

Supernatant 
liquid from 
4tli ultra 
centrifuga- 
tion 

Press cake 
plus insoluble 
matenal from 
ultra- 
centrifuga- 
tion 

Wash of 
sand and 
roots 

Protein 

Non protein 

It 

12 3 

14 6 

|B9Rh 

0 

21 7 

24 4 

(diseased) 



■H 


t 


2§ 




0 


30 8 

(diseased) 


HI 

HI 




2§ 





29 6 

25 6 

(normal) 


HI 

wm 





* The radioactivity was measured by means of a Launtsen type electroscope In some 
cases readings were also made by means of a Geiger-Mliller counter The numbers represent 
the per cent of radioactivity found m the vanous fracUons obtained from a given set of plants 

t In this experiment the virus fraction was dned from the frozen state and tested AH 
other fractions were incmerated and tested 

§ In this experiment, prehmmary tests were made on fracbons prepared as in Experiment 1 
However, the numbers given refer to tests made on the fracbons foUowmg preapitabon of 
phosphorus by ammomum molybdate This Y?as done to reduce self-absorpbon due to the 
great buIL of some of the samples Nevertheless, for reasons unknown, the radioacbvity 
estimated to have been recovered was only about one-fifth the amount that was estimated 
to have been present based on the known rate of dismtegrabon of radioacbve phosphorus 
The virus isolated was estimated to contam about 3 tmcrocunes of radioacbvity 

from tbe first 3 ultracentnfugations were combmed and divided into protem 
and protem-free fractions by means of precipitation of protem with hot 5 
per cent tnchloracetic acid These latter fractions, together with the mash 
or press cake, the wash water from the sand and roots, and the supernatant 
hquid from the 4th ultracentnfugation, were each dned and mcmerated The 
620 mg of purified virus obtamed from the plants fed radioactive phosphorus 
were prepared for analysis by simply freezmg and drymg The various 
fractions were then examined for radioactivity by means of a Launtsen type 
electroscope The results which were obtamed are summarized under Ex- 
periment 1 m Table I It may be seen that 12 3 per cent of the total radio- 
activity which was recovered was associated with the virus The fact that 
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tiic supernatant liquid from the 4th ultraccntnfugation was found to be devoid 
of radioactivity, whereas radioactive phosphorus m the form of disodmm 
phosphate may be separated rcadUy from the virus, is good evidence that the 
radioactive phosphorus is mtegraliy bound to the virus, presumably in the 
nucleic aad portion of the molecule. 

A second experiment similar to the one just described was next earned out, 
except that a total of 450 mg of disodium phosphate contaimng 11 4 tth 1 ]i 
cunes of radioactivity was used and the feedmg penod was extended to 40 
days, following which the plants were removed and frozen The sets of normal 
plants fed ordinary and radioactive phosphorus weighed 403 gttu and 393 gm. , 
respectively, whereas the corresponding sets of diseased plants weighed 222 
gnu and 213 gm , respectively The yield of purified virus from the 3 
plants fed radioactive phosphorus was 7^ mg and that from the plants fed 
ordinary phosphorus was 610 mg In tha experiment one-half of the purified 
viius containing ladioadive phosphorus, together with the lemammg frac 
tions from both normal and diseased plants fed radioactive phosphorus, was 
incmeiated These preparations were then tested for radioactivity In order 
to reduce maccuraaes m the testa due to self-absorption jn the builder samples, 
all preparations were then taken mto solution and the phosphorus was precipi- 
tated os phosphomolybdate. The phosphomolybdate precipitates were m 
cmerated and tested for radioactivity yoliowing this treatment, the ac* 
tivities of the virus and of the two mash samples were approxunately doubled, 
those of the protem components of the supernatant fimds were increased by 
about 20 per cent, and those of the remainmg samples were essentially un 
changed. The activities recorded m Table I for Experiment 2 arc for the phos- 
phomolybdate preapitatcs and probobfy provide a more accurate picture 
of the distribution of phosphorus than the values recorded for Experiment 1 
It may be seen that 70 to 75 per cent of the radioactivity was found m the 
normal and diseased plants, and of that m the diseased plants about 30 per 
cent was m the virus. The supernatant fluid obtained on ultracentnfugation 
of the juice from normal plants contamed more radioactivity than the cor- 
responding fraction from the diseased plants. As m the previous experiment, 
the supernatant liquid from the 4th ultracentnfugation of the virus possessed 
no measurable amount of radioactivity The experiments demonstrate that 
it IS possible to secure punfied tobacco mosaic virus containing considerable 
radioactivity 

In an effort to learn something of the distribution of radioactivity following 
inoculation of virus containing radioactive phosphorus, the lower leaves of 
9 medium-sized normal Turkish tobacco plants were thoroughly rubbed by 
iTwipq of a bandage gauze pad with 15 ml, of a sohitioii containing 58 mg of 
the radioactive virus m 0 1 u phosphate buffer at pH 7 The plants were 
watered as usual and after 12 days the moculated leaves were removed and 
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frozen The upper unmoculated portions of the plants were also removed 
and frozen The two portions were macerated and the vurus was isolated 
from each by ultracentnfugation The supernatant hquids obtamed on ultra- 
centnfugation as well as all msoluble material were added to the respective 
press cakes and these were mcmerated, taken into solution, and the phosphorus 
preapitated as the phosphomolybdate The 316 mg of purified virus from 
the moculated leaves, as well as the 204 mg of virus from the unmoculated 
portions of the plants, were also mcmerated and the phosphorus preapitated 
as the phosphomolybdate FoUowmg igmtion, the 4 samples were tested for 
radioactivity, and the results which were obtamed are presented m Table n 
It may be seen that most of the radioactivity was found to be associated with 
non-virus components, of which about 40 per cent was m the moculated and 
about 60 per cent m the unmoculated portions of the plants A small but 


TABLE n 

Dislnbution of Radtoactmly in Turkish Tobacco Planis 12 Days following Inoculation of Lower 
Leaves with 58 Mg of Radioactive Tobacco Mosaic Virus* 


Virus isolated from moculated leaves 
All matenal of moculated leaves except virus 
Virus isolated from upper unmoculated leaves 
All matenal of unmoculated leaves except virus 


8 3 
33 4 
5 8 
52 5 


* The radioactivity w as measured by means of a Geiger-Mfiller counter The numbers 
represent the per cent of radioactivity found m the vanous fractions of the plants The 
tests were made on the mcmerated phosphomolybdate preapitates obtamed from the vanous 
fractions The radioactivity recovered represents 70 per cent of the 0 2 microcune of radio- 
activity that w as applied m the form of virus 


Significant amount of radioactivity was found m virus isolated from the un- 
moculated portions of the plants However, the fact that most of the radio- 
activity was found m the non-vurus portion of the unmoculated parts of the 
plants and much radioactivity m the similar portions of the moculated leaves 
proves that most of the radioactivity apphed m the form of virus was converted 
mto a non-virus form Therefore, the isolation of radioactive virus from the 
unmoculated portions of the plants has no significance, for it could have been 
produced from radioactive phosphorus absorbed and transported m a non- 
virus form Smce it is likely that only a small portion of the virus m the 
moculum was actually mtroduced withm the cells as virus (7), it would follow 
that most of the radioactive phosphorus was actually absorbed later m the 
form of dismtegration products of virus presumably formed on the surface 
of the leaves It was determmed that about 70 per cent of the radioactivity 
apphed m the form of virus was actually isolated m the 4 fractions, hence, 
there was httle loss due to washing of virus or of dismtegration products from 
the leaves m the 12 day penod durmg which the plants were watered 
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It appeared desirable to detenmne the eartent to which virus can be removed 
from inoculated leaves by means of vigorous waahmg immediately following 
inoculation Accordingly, all of the leaves of 2 sets of 7 plants each of normal 
medium sized Turkish tobacco plants were moculated with two 16 ml por- 
tions of 0 1 u phosphate buffer at pH 7 containing 4 mg of ordinary tobacco 
mosaic virus per mL The leaves of one set of plants were then removed and 
each leaf was well washed m a running stream of tap water The leaves of 
the other set of plants were also removed and both sets of leaves were placed 
m a room held at — 12® withm J hour of the start of the experiment. After 
standing for 2 days at — 12®, the frozen leaves were macerated and the virus 
was isolated by differential centrifugation The actual yield of virus from 
the unwashed leaves was 45 mg or 70 per cent of the virus apphed to the 
leaves. The actual yield of virus from the washed leaves was 27 mg or 42 
per cent of that apphed to the leaves These results indicate m view of the 
losses known to occur dunng the punficatmn of such small amounts of virus, 
that practically all of the virus apphed was retained either on or withm the 
unwashed leaves and that well over 50 per cent of the virus applied was re 
tamed m the case of the washed leaves The fact that it is difficult to dif- 
ferentiate between radioactive phosphorus accepted m the form of vims and 
that absorbed m the form of virus dismtegration products and the lack of 
information concerning the extent of the multiphcation of virus immediately 
foUowmg moculation malcg it exceeding^ hazardous to attempt to determine 
the manner of virus reproduction by means of virus bbeled with radioactive 
phosphorus 


DISCUSSION 

When mosaic-diseased Turkish tobacco plants were fed a autnent solution 
containmg radioactive phosphorus m the form of disodium phosphate over a 
penod of several weeks, about 30 per cent of the radioactive phosphorus taken 
up by the plants was isolated m the form of purified tobacco mosaic virus 
The fact that the radioactive phosphorus was not separated from the virus 
on ultracentnfugation is an indication that it was integrally bound, presum 
ably m the nucleic acid component of the virus This result is m accord with 
that described m a preliminary paper by Bom and cowotkers (9), who noted 
that ordinary tobacco mosaic virus absorbed only on Insig ni ficant amount of 
radioactivity when allowed to stand for several days m a solution of sodium 
phosphate containing radioactive phosphorus. In the present work the pro- 
portion of radioactive phosphorus associated with the virus was considerably 
greater that described by Bom and coworkers, who found about 87 per 
cent of the radioactivity in the press c a ke and sediment of chloroplasts and 
only about 2 1 per cent with the purified virus 

The preparation and aolatioa of tobacco mosaic virus posaessing high radio- 
activity made it possible to detemune the distribution of radioacUvity follow 
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ing the inoculation of such virus to normal Turkish tobacco plants Unfor- 
tunately, m this experiment most of the radioactivity was found to be 
associated with non-virus components m both moculated and umnoculated por- 
tions of the plants, hence, it was impossible to be certam that the small amount 
of radioactive virus found m the umnoculated portions of the plants arose as 
a result of actual movement of moculated virus If, as has been generally 
assumed, only a very small part of virus apphed to the surface of a leaf ac- 
tually enters the cells of the leaf m the form of active virus, it would follow 
that most of the radioactive phosphorus taken up by the plants m this experi- 
ment was absorbed m a non-virus form It seems likely that it wiU be ex- 
ceedmgly difficult to distmguish between radioactive phosphorus taken up 
by the plant m the form of virus and that taken up m the form of virus dis- 
mtegration products The present work mdicates that there are major 
difficulties mvolved m the use of tobacco mosaic virus containmg radioactive 
phosphorus as a means for detennimng the nature of virus reproduction 

The experiments described were conducted with the assistance of Mr 
Marshall Barbour 


SUMMARY 

Normal and tobacco mosaic-diseased Turkish tobacco plants were grown 
m sand for a penod of several weeks, durmg which they were fed daily a com- 
plete nutnent solution to which had been added disodium phosphate con- 
taimng radioactive phosphorus Determinations were made of the distnbu- 
tion of radioactive phosphorus m different fractions such as the wash from the 
sand and roots, the press cake obtamed on pressmg the juice from the plants, 
the protem and protem-free portions of the supernatant hqmds obtamed on 
ultracentrifugation of the jmces, and the purified tobacco mosaic virus iso- 
lated from the diseased plants Chemical analyses as well as radiographs of 
the normal and diseased leaves mdicated that they contamed the same amount 
of phosphorus Approximately 30 per cent of the radioactive phosphorus 
absorbed by the diseased plants was found to be combmed with the purified 
tobacco mosaic virus that was isolated from these plants Followmg the 
moculation of purified tobacco mosaic virus possessmg high radioactivity to 
normal Turkish tobacco plants, most of the radioactivity was found to be 
assoaated with non-virus components of which about 40 per cent was m the 
moculated and 60 per cent m the umnoculated portions of the plants Al- 
though a small amount of radioactive aotus was isolated from the umnoculated 
portions of the plants, it was impossible, because of a number of comphcatmg 
ffictors which have been discussed, to draw from the results any rehable con- 
clusions regarding the mode of reproduction of tobacco mosaic vuus 
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EXPLANATION OF PLATES 
Photographed by J A Garble 

Plate 6 

Fig 1 Contact radiographs of leaves of normal (o, c, e) and tobacco mosaic-dis- 
eased (&, d,f) Turkish tobacco plants 1 (a, 6), 2 (c, d), and 3 (e,/) weeks, respectively, 
after the start of a daily apphcation of a nutnent solution containmg radioactive 
phosphorus Although the radioactive phosphorus appears to be well dispersed 
throughout the leaves, the hghtest areas, which are mdicative of the greatest con- 
centration of radioactivity, conform to the major veins of the leaves The diseased 
leaves are from plants descnbed m Experiment 1, Table I 
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Plate 7 

Pig 2 Contact radiographs and photographs of leaves of normal (a, c) and tobacco 
mosaic-diseased (b, d) Turkish tobacco plant 7 weeks after the start of the experiment 
in which a nutrient solution containing radioactive phosphorus was fed for 30 days 
The leaves are from the same plants used for Fig 1 
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RESPIRATORY EFFECTS UPON TPIE VISUAL THRESHOLD 
By GEORGE WALD, P V HARPER, Ja. H. C. GOODMAN am H, P KRIEGEr* 
(Fr««7* the Biolcgiail LaboraioneSf Barvard Umterstiyf Oimbndie) 

(Received for pabUc&tlon, May 5, 1942) 

In a completely dark adapted individual the absolute threshold of vision 
re m a in s constant within narrow linuts mdefinitely The photochemical sys- 
tems of the receptors are at rest, and this state is not disturbed appreciably 
by the minimal exposures to bght needed to determine the threahoIcL Under 
such circumstances various types of physiological stress cause marked changes 
m threshold which must originate at levels antral to the photochemical ^tem 
Itself In this sense the threshold of the dark adapted eye is an mdicator of 
central nervous imbalance 

It has already been shown that lowering the oxygen tension of the inspired 
air to about 10 per cent, while it does not affect the course of visual adaptation, 
raises the threshold 2 to 4 times (Bunge, 193d, McDonald and Adler, 1939, 
McFarland and Forbes, 1940-1941) Ixiwenng the blood sugar with msuhn 
has been reported to induce a almilar response (McFarland and Forbes, 
1940-41) 

The present paper is concerned with the effects upon the threshold of low 
oitygen tensions, applied gradually or suddenly, and of short and long duration 
and of changes m the rate of breathing and m the composition of the inspired 
gases All thresholds have been measuTttim the penphery of the dark adapted 
eye and mvolve the function of the rod apparatus alone. 

I 

Apporaitif and Afeihods 

Visual thresholda were measured with on adaptometcr which has already been 
described (Wald, Jeghcra and Armimo, 1938) In this mstnimfint the intensity <if 
the teat is regulated with a pair of circular neutral wedges supenmposed m 
reverse so as to compensate e ach other The full white ra di a ti on from a tungsten 
filament lamp was employed. 

The subject faced circular test fields which subtended visual angles of 1 or 2® 
and were centered respectively 13” or ItF below a red fiiatlon star A shutter con 
trolled by the subject exposed the field for flashes 1/50 second in duration The 
fixation point remamed on at all times All observations were monocular usually 
on alternate eyes. During most experiments each subject wore a pair of spectacles 
m which the lenses had been replaced with thin brass discs pierced with circular 

‘This research has been supported in part by a grant to G W by the Josiah Macy, 

Jr , Foundation 
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opemngs 1 6 or 2 mm m diameter These served as artificial pupils to guard agamst 
the possibihty that any of the recorded changes in threshold were due to fluctuations 
m pupil area 

Gas mixtures were prepared m large cylmders, and for short term experiments 
were transferred to a Douglas bag The subject wore a nose chp and breathed 
through a mouthpiece communicatmg with a two-way valve, so that only the mix- 
tures could be mhaled and all expired gases escaped mto the room 

n 

Low Oxygen Tensions 

Our first experiments on the effects of low oxygen tensions, performed in 
1937, confirm m general the observations of Bunge, of McDonald and Adler, 
and of McFarland and Forbes The discussion which follows is restricted 
pnmanly to aspects of the experiments which amplify and extend these pre- 
vious reports 

In this series of experiments no attempt was made to regulate the rate or 
depth of breathmg with the thought that m this way automatic compensatory 
mechanisms would be given free play to meet the anoxia A 1° test field was 
used, centered 13° below the fixation pomt Artificial pupds were worn m 
some of the experiments, beyond raismg the general level of the threshold they 
did not appreciably modify the results 

Two types of experiment were performed, one m which the anoxia was of 
short duration and began and ended abruptly, and another conducted in a 
gas chamber m which the anoxia was established gradually and mamtamed 
for a number of hours 

In the first type of procedure completely dark adapted subjects, breathmg 
through a mouth-piece, were switched instantaneously from room air to air- 
mtrogen mixtures containmg 8 to 11 per cent oxygen After 20 to 30 mmutes 
the subject was returned abruptly to room an 

The simplest and most usual type of response to this procedure is shown m 
Fig 1 A In almost aU cases the threshold rose withm 1 to 10 mmutes of 
anoxia to new levels 0 2 to 0 5 log umt above normal In repeated experiments 
with 6 subjects this change averaged 0 35 log umt or a rise of about 2| tunes 
Occasionally after reachmg the anoxic level the threshold fluctuated widely, 
nsmg for short intervals to as much as 0 7 to 1 0 log umt above normal On 
leturmng to room an the threshold ordmarily fell withm a few minutes to the 
normal level 

Certam subjects yielded results which departed from this pattern m char- 
acteristic ways In Subject J B the threshold behaved m an orthodox way 
durmg the anoxia, but on the return to room an it fell rapidly to far below 
the normal level and remained subnormal for 10 to 15 mmutes (Fig 1 B) 
This subject also described vivid visual hallucinations durmg this penod. 
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Flo 1 Changes in the visnal threshold on sudden exposure to and release from 
low oxygen tensions with breathing uncontrolled. Each point represents a single 
measurement of the In Experiment A artificial pupds were worn, B-D 

were performed with natural pupils. Open circles show measur em ents on the right 
eye solid orclea those on the left eye Thresholds in mflhmlcrolambcrts (-1(H 
miUilAmbtrts) 
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replacing one another rapidly and with no apparent continuity of subject, 
for as long as 12 to 15 nunutes Subnormal thresholds appeared m 4 and 
hallucmations in 6 out of 7 completed experiments with this subject The 
hallucmations did not depend therefore on visual hypersensitivity, yet when 
both phenomena appeared together they coincided roughly in time 

Another subject yielded a pattern of threshold changes the mirror unage of 
that just descnbed (Fig 1C) In 2 out of 3 experiments his threshold fell 
dunng the anoxia The records of these experiments contam the significant 
notation, “Puffs very hard, breathes gas up very rapidly ” In all experi- 
ments with this subject the threshold rose sharply on the return to room air 
and remamed for a time well above the normal level 
These wide variations m response may be ascnbed primarily to character- 
istic differences m breathmg pattern among the subjects They did not appear 
m later experiments with 2 subjects m which the rate and depth of breathmg 
were controlled As shown below such supersensitivity as appears in Fig 1 B 
and 1 C may be produced at wiU by hyperventilation, and the sequence of 
changes m Fig 1C was apparently due to the hyperventilation actually 
observed durmg the anoxia followed by a period of apnea on the return to 
room air 

The magmtude of the observed changes seems to represent the Imnt to 
which the visual threshold can be displaced by these means It did not vary 
consistently with the oxygen tension between 8 and 11 per cent, nor was the 
rise m threshold obviously related to the distress expenenced by the subjects 
Durmg anoxia subjects frequently reported sensations of dizzmess, numbness, 
and cold m the extrenuties, feehngs of restlessness, and flickermg “subjective” 
hght and color sensations, m no apparent relation with the behavior of the 
threshold All subjects reported red “subjective” hght startmg about 15 to 
30 seconds after the return to room air and lastmg 2 to 3 mmutes One experi- 
ment ended when the subject famted with his threshold established at a stable 
level 0 27 log umt above the norm (Fig 1 D) It may be concluded from 
these observations that the visual threshold reflects only a restricted segment 
of the central nervous changes m anoxia 

Through the courtesy of Dr D B Dill we were permitted to participate m 
anoxia expenments at the Fatigue Laboratory of Harvard University m 1937 
These were conducted m a gas chamber in which the air was diluted with 
mtrogen without change m total barometnc pressure Oxygen contents of 
11 to 12 per cent, simulatmg altitudes of 15,000 to 17,000 feet, were attamed 
withm 30 to 90 imnutes after the first mtroduction of mtrogen, and were mam- 
tamed thereafter for about 5 hours Data from two such experiments, per- 
formed with natural pupils, are shown in Table I and m Figs 2 and 3 A 
third experiment m which artificial pupils were worn yielded similar results 
These experiments mdicate that the visual threshold rises with the first 
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dilution of oxygen (Fig 2) The scatter of individual measurements is such 
that from 20 9 to about 14 per cent oxygen (10,000 to 11,000 feet) there is 
some overlap of thresholds with the norm, yet the average threshold rises 
slowly throughout this mtervah As the oxygen is diluted below about 14 
pet cent the threshold mcreases rapidly, m the present subject to a level 
about 0 unit or times above normal, at about 11 per cent oxygen (17,000 

TABLE I 

Data of two cipcnmeflU performed io a ^ chimbcr in which the olr dflnted with 
nitrogen at »ca kvtl atmosphoic prcaort. Subject P V H. Thxeaholdi in mflUmicro- 
lambcrU (10^ rmUllainberti) 


Qxyfcs 

AlU 

Time 

Arenn kv 
ihioAold 

No of 
Tta.dln5> 

ftTcikted 

Renuris 



Rlcht or* 

Left Cft 



Art 






20 9 

0 

0 

2 02 

2 03 

12 


18 1 

4000 

3~U 

2 07 

2 07 

5 


16 8 

6000 

18-32 

2 14 

2 09 

5 


16 1 

7000 

35-40 

2 03 

2 09 

4 

UncomforUbk poffing 

15 6 

7800 

42-55 

2 OS 

2 10 

4 


14 0 

10500 

56-67 

2 a 

2 13 

4 


12 3 

15800 

76-96 

2 18 

2 16 

6 7 

BLny periodic breathing 

11 8 

15000 

98-115 

2 21 

2 17 

5 


•11 3 

16000 

120-139 

2 25 

2 25 

5 

Sich yawning 

U 3 

16000 

147-177 

2 29 

2 27 

7 

Sick 

11 3 

16000 

262-292 

2 30 

2 29 

7 


20 9 

0 

299-320 

2 01 

2 00 

6 5 


20 9 

0 

0 

2 05 

2 03 

4 


10 9 

17000 

58-120 

2 34 

2 34 

15 16 


11 3 

16000 

240 

— 

— 

— 

Arieiiai uturation 74.5 per 

10 9 

ITDOO 

316-333 

2 34 

2 32 

4 

cent 

10 9 

17000 

373-391 

2 38 

2 38 

5 


20 9 

0 

398-405 

2 06 

2 07 

3 



feet) The form of this relation suggest® that with BtDl further decrease m 
oxygen tension the threshold might nsc much higher Actually, however, 
thin 15 close to the lirnitmg tolerance of unnrrhiTi at i7 ie d subjects. As Table I 
mdicatea the present subject experienced senous distress even at these levels 
and probably could not have continued the experiment at still lower oxygen 
pressures 

Some time after the anouc threshold had been well estabhahed m each of 
these experiments the subject was highly light adapted and his complete dart 
adaptation curve was measured AU thresholds, rod and cone, were found 
to be about equally elevated on a loganthmic scale, t c , multiphcd by an 
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Fig 2 The variation of visual threshold with decrease m oxygen tension or nse in 
simulated altitude Data from Table I Open circles, right eye, sohd circles, left 
eye Subject P V H 



Fig 3 Descent of the threshold to normal foUowmg 5 to 6 5 hours exposure to 
low oxygen tensions Open circles, nght eye, sohd circles, left eye 
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approximately constant factor The speed of rod and cone daA adaptation 
appears to be entirely u n a f fected by anoxia Bunge, McDonald and AxUer, 
McFarland and Forbes) 

At the close of each experiment the subject was returned abruptly to sea 
level atmosphere. The details of the descent of hia visual threshold are shown 
m Fig 3 After exposures of 5 and 6A hours to diminished oxygen tensions 
the threshold returned to its normal level withm S to 6 rmnutes, and without 
modent 

The changes recorded m these tong term expenroents agree m magmtude 
with those obtained with the same subject on sudden and short exposure to 
anoxia (Fig 1 A) The adjustment of central nervous structures to tow oxygen 
tensions appears to be a rapid process Anoxias of several hours duration 
cause changes m the threshold which neither exceed those recorded dunng the 
first few minutes nor persist longer after the return to room air 

ni 

Acid Base Imialaiue 

The foUowmg experiments are concerned with the effects of respiratory and 
base imbalance on the threshold The subjects breathed to the beat of a 
metronome, so far as possible without change m amphtude, and the rate and 
depth of respiration were recorded by pneumograph. Thresholds were meas- 
ure m a 2° field centered 10“ below the fixation pomt, and artificial pupils 
2 mm m diameter were worn at all tunes, is m previous experiments the 
subjects were kept completely dork adapted throughout. The results of these 
experiments are shown m Fig 4 (Subject H.C G ) and Fig 5 (Subject Hd*.K.) 

On mcreasmg the rate of breathmg room air by 50 to lOO per cent the 
threshold fell, usually withm 5 to 10 mmutes, to about half its normal value 
(Figs. 4 a and So) In 22 expemnents with 2 subjects this decrease ranged 
fromO 13 to 0 41 tog umt and averaged 0 27 tog umt or a decline of 47 per cent 
On retummg abruptly to the normal rate of breathing the threshold rose to 
normal usually within 2 to 3 mmutes.' 

Oxygen tensions of 32 to 36 per cent do not appreciably affect these results 
(Fig 4 6, Fig 5 6, c) The hypersensitivity induced by rapid breathmg is 
not due therefore to increased oxygenation of the blood. 

It IS, however, due to the alkalosis associated with hyperventilatioo, and 
can be abolished or reversed by addmg carbon dioxide to the mspued gases 
The presence of 2 jier cent carbon dionde m mixtures containing 32 to 36 
per cent oxygen does not affect the threshold when breathed at the normal 

' Gellhom (1936 o) has reported that rapid breathing rouer the threshold for 
bngJitncss discnmination The relation of these to the present cxpenmcnts is 
obscure. 
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rate, but completely abolishes the fall m threshold otherwise associated with 
rapid breathmg (Fig 4c, d, Fig 5d) When the carbon dioxide content is 
raised to 5 per cent the threshold rises 0 2 to 0 5 log iimt at both normal and 
rapid rates of ventilation (Fig 4e,/, Fig 5 c,/) 



Fig 4 Effects on the visual threshold of venations in the rate of breathing and in 
the composition of the inspired gases Rates of breathmg are shown at the top of 
the figure, gas composition to the nght of each experiment In this subject the 
normal uncontrolled rate of breathmg m room air was 18 per mmute Open circles, 
right eye, sohd circles left eye 

Respiratory alkalosis and acidosis therefore exert opposed effects upon the 
visual threshold The former depresses, the latter raises the threshold m 
about equivalent degree, averagmg m the present experiments about 0 3 log 
unit or a factor of about 2 
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IV 

Anoxia and Actd-Bw Imbalance 

Ttese expeiunents aie concerned with the interaction o[ acid hose Imtinianco 
and low oxygen tensions upon the visual threshold The rate and depth of 
breathing were controlled and artificial pupils were worn at all times 
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at its close with no appearance of the individual pecuhanties and incidents 
which marked the earher experiments 
A particularly mterestmg situation results when low oxygen is breathed at 
twice the normal rate (Figs 4 h and 5 /;) Usually the threshold falls at first, 
always it at least fails to rise for several minutes Finally it always does rise, 
eventually to values above the normal level, though it may remam, as in 
Fig 4 /;, well below the level attamed at lower rates of breathmg The effects 
of rapid breathmg therefore usually at first predo min ate over those of simple 
anoxia After a time some of this advantage is lost It is very likely that 
further mampulation of the breathmg rate might mamtam a much more 
effective compensation of anoxia than is evident m the present procedure 
Breathmg rapidly apparently also amehorates the subjective symptoms of 
anoxia When 10 per cent oxygen was breathed at the normal rate the sub- 
jects mvariably reported such symptoms — “subjective” light, difllculty m con- 
centratmg, lassitude, and so on Rapid breathmg of the same mixtures 
elicited no comments whatever, except m one instance “feels OK” 

The addition of 2 per cent carbon dioxide to mixtures contammg 10 per cent 
oxygen, when breathed at the normal rate, contributed no notable differences 
in behavior (Figs 4 1 and 5 t) Mixtures contammg 5 per cent carbon dioxide 
and 10 per cent oxygen also produced no extraordinary changes m the threshold 
beyond those occasioned by low oxygen alone (Figs 4j and 5j), but with these 
mixtures the subject usually was unable to regulate his respiration effectively 
The pneumograph records showed large mcreases m the depth of breathmg m 
almost all cases, and frequently the subject was unable also to keep the rate 
of breathmg down to that set by the metronome Pantmg, sweatmg, and 
general distress usually cut these experiments short The subjects were unable 
to complete experiments m which either 2 or 5 per cent carbon dioxide m 10 
per cent oxygen was breathed rapidly ^ 

V 

DISCUSSION 

The changes m visual threshold observed m the present experiments are due 
to changes m structures central to the photochemical system of the rods It 
IS not possible to locate them at present with greater precision They may 
ongmate at any loa along the visual pathways from rod outer limbs to cortex 
It IS known that nerve cell bodies and synapses m contrast with axones are 
highly sensitive to oxygen want Recently it has been shown also that m the 

- These procedures should not be confused with experiments m which COi is 
added to the inspired gases without control of breathing (c/ Gellhom, 1936 b) In 
the latter case 2 to 3 per cent CO 2 may aid m compensating the anoxia by stunulatmg 
the respiration 
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cat hyperventilation mcreasea the pH of the cerebral cortex and simultaneously 
lowers its threshold for neural or electrical eiatation, hypoventilation or any 
other means of deacasmg the cortical pH raises the threshold (Dusser de 
Barenne, McCulloch, and Nims, 1937) Lehmann (1937) has made com 
pamble observations on peripheral nerve, m the phrenic nerve of the cat the 
threshold for induction shocks falls hneatly as the pH rises from 12 to 81 

It 18 bejond the scope of the present paper to discuss extensively the blood 
and tissue changes which accompany anoxia and changes m respiratory rate. 
It should at least be noted, however, that these stresses do not act mdepend 
ently, but ore mvolved m complex pattern of mterrelationships. Anoxia 
usually stimulates rapid breathing, m part due to the aodosis which results 
from incomplete oxidation of metabohc products Hyperventflation m turn 
tends to compensate mituiUy for anoxia, by raising alveolar oxygen and lower 
mg alveolar carbon dioxide tensions it pronmtes the oitygenahon of hemoglobin 
m the lungs. Hyperventilation, however, also mduces alkalosis which may 
mtcnsify the anoxia m cither of two ways by inhibiting the discharge of oxy 
gen from blood to tissues, and by provokmg a period of apnea 

In our imtial experiments all these potcutialiUes were permitted free play 
and resulted m a great variety of reaction patterns (Fig 1) On exposure to 
anoxia the threshold rose or feU, on return to room air it rose, or fell to normal 
or subnormal levels. Simple regulation of the rate and depth of breathing m 
later expemnents brought all these phenomena under contioL But it may be 
assumed that the latter expemnents no less than their forerunners mvolved 
the continuous mteraction of mtemal changes m both oxygen and hydnon 
concentration. 

These expenments raise a possibilty which should be explored further 
Smee the threshold may vary m either direction in anoxia dep en di n g upon the 
breathing pattern, it should be pos^le to regulate the latter so as to obtam 
virtually no change in threshold, and hence on optimally compensated response. 

It 13 clear from our observaUans that subjects left to their own devices do not 
automatically establish optimal behavior 

In general these expemnents support the thesis that the visual threshold , 
offers a practicable quantitative index of physiological imbalance It is more 
sensitive and reliable for this purpose than subjective awareness of distress 
or sensory change, and has the advantage over certam other types of physio- 
logical measurement that it provides on mdex of net change m the central 
nervous system itself, usually the first to fail m physiological stress (Bar 
croft, 1934) 

This 13 probably the prmcipal importance of such measurements. Durmg 
hght and dark adaptation the visual threshold vanes through a range as 
great as 1 1,000,000 In contrast the variations induced by even extreme 
central nervous imbalance are relatively small In the present expemnents 
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they average about 12 In subjects exposed to about 10 per cent oxygen 
Bunge found the average rise of threshold to be about 3, McFarland and 
Forbes about 4, and McDonald and Adler (1939) about 2 5 tunes These 
seem to represent the extreme lumts of variation which disturbances central 
to the photochemical system can contribute to the visual threshold 

SUMMARY 

Measurements are reported of the effects of respiratory stresses upon the 
absolute threshold of peripheral (rod) vision Smce subjects were kept wholly 
dark adapted and the photochemical system of the rods therefore stationary, 
the changes recorded may be assumed to have originated more centrally To 
this degree the measurements provide a quantitative mdex of central nervous 
imbalance 

Breathmg room air or 32 to 36 per cent oxygen at about double the nor- 
mal rate causes the visual threshold to fall to approximately half the normal 
value withm 5 to 10 rmnutes 

This change is due primarily to alkalosis mduced by the hjqierventilation, 
and can be abolished or reversed by addmg carbon dioxide to the inspued mix- 
tures Normal or rapid breathmg of 2 per cent carbon dioxide causes no 
change m threshold, with 5 per cent carbon dioxide the threshold is approxi- 
mately doubled 

Breathmg 10 per cent oxygen at the normal rate also approximately doubles 
the threshold This effect is compensated m part by rapid breathmg When 
10 per cent oxygen is breathed at twice the normal rate the threshold usually 
falls at first, then slowly rises to supernormal levels 

Due primarily to variations in their breathmg patterns subjects yield char- 
acteristically different responses on sudden exposure to low oxygen tensions 
with breathmg uncontrolled The threshold may either rise or fall, and on 
release from anoxia it may nse, or fall to normal or subnormal levels The 
threshold adjusts to anoxia rapidly, exposures lastmg 5 to 6 hours do not 
produce greater or more persistent changes than those of much shorter duration 
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THE RELATIONS OF TEMPERATURE TO THE POTASSIUM EFFECT 
AND THE BIOELECTRIC POTENTIAL OF VALONIA*! 

Bv L. It BLINKS 

{From Ike DeparlmeHt of Biohgy Stanford Ufitoersiiy) 

(Received forpubhcadoQ, May 11, 15H2) 

The mfiuence o£ temperature upoa bioelectric potential has been occa 
fiionally investigated, both to initiate action potentials,^* and to indicate 
the nature of the controlling mechanisms,^* 'whether diffusion 

potentials are adequate to account for the effects, or whether metabolic, 
surface active, or other phenomena are also mvoKTd Before conclusions can 
be drawn from the temperature data alone, it is desirable to combine their 
study with those of other conditions or ag^ts known to be eLectncalij effec 
Uve. In Valoiiui the two most studied of these are the seawater (NaCl) 
dilution effect* and the potassium concentration effect * In the earlier work 
on these, temperature was not eiqienmentaUy vaned, the measuiements being 
made over a narrow seasonal range (16-23®) Wider alterations are here 
described, especially upon the potassium effect. (The NaCl dilution effect 
IS much less sensitive to temperature ) 

The methods arc essentially those of previous studies,^ the cells being supported 
on glass nogs, and Impaled from above with fine glass capEUanes, sap-hlled and leading 
to calomel electrodes via KCl-agar salt badges Cells were employed only after good 
healing of the impalement wound had occurred — from several days up to several 
weeks after impalement For the normal sea water effects it was found necessary 
to renew the sea water frequently since small amounts of KCl diffusing from the 

* Aided by a grant from The Rockefeller Foundation Grateful acknowledgment 
is made to Mr R, K- Skow for assistance in some of the espenments under this grant, 
and to the John Simon Guggenheim Memonai Foundation for tenure of a Fellowship 
which permitted further work by the author 

t Briefly reported as an abstract in BUnka L K. BtoL BuU , 1940 79, 350 

*^Unirath K. Protoplasma 1930,9,576 1934,21,329 

* Hill, S E , / Gen Physiol 1934-35 18, 357 

* For a discussion of the earlier wort, see Bilehridck J , Temperature and living 
matter, Berim, Bomtraegcr 1935 113—4 170 , 186-8,223,226 

* Marsh G ,CamegieInstitutnmoflVasktn0on,Pub Pfo 47$ 1936 1 

•Blinks L.IL,andDar 5 ie,M L, Jr Proc Soc Exp Biol andilcd 1937 3D, 522 

•Damon, E B and Osterhout, W J V / Cen Pkysieh, 1929-^ 13,445 

^ Damon, E B , / Gen Pkysu4 1929-30 13, 207 1932-33,16,375 1937-38 
31, 383 
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negligible potasaum effect (contrary to the response at 10-15*, os seen 
below) There Is quite possibly a change in physical state at the r^on 
4-S® — perhaps a solidification or rupture ot the protoplasmic surface — which 
o not readily reversible (There la also a drop m bj) following exposure to 
temperatures over 40“ C ) Fig 3 shows a similar experiment, plotted against 
temperature instead of time The saddle-shaped curve is hardly compatible 
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Fio 1 Tunc coune of pj? changeof impaled VcioniawfUncaioiUKa water The 
temperatures were as indicated changes being made at the arrows by substituting 
new viais already brought to the indicated temperatuxe and ma Intained by water 
jacket. On changing from 13® to 13 thetciaa slight fall,folIowedby arise warming 
to 25® produces a nse a foil, cooling to 15® a rise. Waitnuig to 35 produces a 
sharp increase above 25* however either as a cusp or a maintained plateau The 
curves arc actual tracings of a continuoua recording potenUometer record (Mlcromai) 
Time mtervals of 10 minutes shown by vertical marks at bottom of records Or 
dmates arc potential difference across the protoplasm In millivolls, the sign being that 
of the exterior (here negative) 

with either a thermodynaniic potential (as at an electrode) or with a process 
closely related to metabolisin. (The respiration of Valctiui has been investi- 
gated over this temperature range* and shows a regular increase from low to 
high temperature, with a Qia of around 3 ) It is therefore desirable to inquire 
whether any other phenomena more closely parallel these changes, and 
if so, whether these may be responsible for the anomalous temperature course 
of the latter Such parallel and control appear to be at band in the potassium 
ion effects, next taken up 

•Unpubhshed experiments. 
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The Temperature Effect at Various Potassium Coiicentratious 

The first suggestion that potassium might be imphcated m the temperature 
effect came from the observation that occasional cells displayed larger changes 
than those shown m Figs 1, 2, and 3 This often occurred with cells which 
were exposed after impalement to sea water from a dish where they had 
previously been kept for some tune (to avoid osmotic or other changes at the 



Fig 2 Values of pd reached with two cells of F first warmed steadily 

from lO® to 36° C , then cooled to 8°, as shown on the temperature curve “T ” The 
p D of cells A and B both fell on warmmg to about 15° and remamed about constant 
to 25°, above which it agam mcreased The p n of cell A first fell on sudden cooling 
to 8°, but later rose, while that of cell B remamed low Values derived from con- 
tmuous Micromax recordmgs, switched alternately from cell A to B p n values m 
miilwolts at the left for curves A and B , temperatures at right for curve T Time m 
mmutes 

time of unpalement and heahng) Such water often had an mcreased KCl 
content, due to release of KCl from the vacuoles of other cells which had died 
m the vessel Enhanced temperature effects also occurred with cells when 
salt bndges had been left m the sea water for some tune, permitting slow dif- 
fusion of KCl from the agar (see paragraph on methods, above) On renew- 
mg the sea water m both these cases, the temperature effect usually decreased 

1“ Such mcreased KCl concentration is not mjunous to the remammg cells mdeed 
It seems to aid their survival, probably by supplymg sufllaent potassium for normal 
accumulation, to keep pace with growth or slight evaporation 




L, R BUNKS 


909 


nmtkedly, although sometimes with chaiactenstJc chauges due to removal of 
higher potassium concentrations (notably a temporary reversal of rjd to a 
large positive valueO 

These observations led to controlled eipcnmental changes of the KCl 
content of the sea water, with the results shown m Fig 4* When the normal 
sea water value of 0 012 u KCl was halved (by adding an equal volume of 



Fio 3 Values of PJ) reached in another temperature nm much like Fig 2, here 
plotted against the temperature, A saddle-shaped curve, with a minimum between 
15" and 25", and rising both toward 10" and 35 results The drop at the lower end, 
at 4® IS not readily reversible, and rs shown by a dotted Imc. The solid curve repre 
sents the steady values reached on an increasiDg, ftnri then a decreasing tempe ra t u re 
run, as indicated by the arrows The higher value at 35" representa the mitial, the 
lower a later steady value (cf Fig 1) Values taken from continuous Micromax 
record. 


van’t Hoff artificial sea water made up without KCl), the temperature effect 
was greatly diminished (Fig 4 o) It was practically abolished m potassium 
free sea water, but there arc complications here due to the te n dency for re- 
versal of PJ3 , m such a positive state the pjd is very scnsiUve to a variety of 
agents, mcluding temperature, but its tune course a extremely unpredictable. 

Increase of KCl concentration, on the other hand, back to 0 012 u restores 
the nonnal temperature effect, while doubling the sea water value, to 0 024 
u KCl, enhances the response, which becomes greatly exaggerated at 0 1 i£ 
KCl (Fig 4 c) Concentrations higher than this give not only a complex 
time course themselves’ but also induce an irregular temperature response, 
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With exaggeration of the initial cusps, but no great alteration of permanent 
level This is consistent with an “alterative” effect of these higher concen- 
trations, found by Damon,’ and probably occurrmg even at lower concentra- 
tions, though with subsequent recovery (See Discussion ) 

NH4CI IS even more effective m these respects than is KCl, sufficient am- 
monia can enter the sea water from tobacco smoke m the room to mcrease the 
effects of temperature (as well as of hght®) Dilution of the NaCl and other 




Fig 4 The influence of KCl concentration on the temperature effect The cell 
of V ventricosa was changed from sea water (contammg 0 012 11 KCl) to half this value, 
0 006 K KCl, at the first arrow Very httle change of p n thereafter occurred either 
on warmmg to 35° or coohng to 15° On restoration to normal sea water (S W ) the 
normal temperature effect is regamed (c/ Fig 1), and on mcreasmg the KCl content 
to 0 024 M and 01 m respectively m the next two panels, the temperature effect is 
correspondingly mcreased Tracmgs of contmuous Micromax records, the time 
marks bemg 10 mmutes apart 


salts of the sea water (by isotomc glycerol) does not, however, greatly alter 
the temperature effect, provided the KCl concentration is kept constant by 
proper additions 

Influence of Temperalure 071 the Poiassmni Effect 

It seems hardly possible that KCl alters m stnctly proportional fashion 
some other process controlhng the p d so that it still seems best to ascnbe 
its effects to its high diffusion potential m the protoplasmic surface, as was 
assumed by Damon and by Osterhout The time curves show characteris- 
tically an mcreased negativity when KCl concentrations are mcreased, due 
to the high relative mobihty of K+, compared to the Cl“ (and of course to 
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Na+) For the hi^er KCl concentrations, this ordinarily takes the form of 
an imtial sharp cusp, followed by a depression, and a later nse of negativity 
Damon has mterpreted such curves as due to an advancmg wave of KCl which 



Fio 5 Influence of temperature upon the magnitude and tone coucc of the potas- 
sium effect in K In (tf) the arrow indicates the substitution of seawater 

containing 0 1 ii KCl for normal sea water at the three temperatures IS 25® and 35 

C with later return to sea water (SW) IhePD is dnven some 40 mv morenega 
Uve at 15® with a smooth topped regular bme course at 25 there is an mitial cusp 
of about this but an abrupt fall with later slow recovery At 35 the cusp is 
considerably larger, the fall less and the recovery faster Essentially similar tunc 
courses at the three temperatures arc found (6) for the doubling of K.C1 from 0 012 
It m sea water to 0 024 m also for substitution of potassium free sea water ( — K. 0 
and the return to normal sea water (c> pj> across the protoplasm m millivolts 
time Intervals 10 minutes apart, 

first establishfs a difiiision potential across the outer surface (X) later abol 
ishes this as Its concentratron builds up inside that surface, and filially produces 
a new negativity as it arrives at the Inner surface (F) These curves ate 
duplicated in V renlncom* at the normal laboratory temperatures, being m«t 
ensped at 0 1 ii KQ or higher, but showing at least rudimentaiy cu^ with a 
slight fill! and later nse even when the sea water value was doubled from 
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0 012 M to 0 024 M KCl (Fig 5) This is generally true at 25°, although some- 
times repeated later exposures give a flatter topped curve than the first, as 
seen m several cases m Figs 5 and 6 A defimte control is exercised by tem- 
perature upon the shape and magnitude of these tune courses Coolmg to 
15° generally gives perfectly regular, smooth curves, soon reachmg a constant 
value, with scarcely an mdication of cusp or later rise, even at 0 1 M KCl 
This constant value may be 50 to 100 per cent higher than the average m- 



Fig 6 Time courses of p n change when the sea water potassium level (0 012 m 
KCI) IS doubled to 0 024 m, at the three temperatures 15°, 25°, and 35° C The flat- 
topped response of some 14 mv at 15° gives way to a smaller, shghtly cusped response 
at 25°, and to a larger, often cusped response at 35° p n across the protoplasm m 
milhvolts, tune mtervals, 10 mmutes apart Changes of temperature mdicated by 
the vertical dotted hues, of solutions by the arrows 


crease at 25° However, at 35°, comcidmg with the mcreased pd m sea 
water, the potassium effect is agam mcreased, even over that at 15° The 
tune course is usually cusped, but not as markedly as at 25°, both the mitial 
and final values bemg much higher, with a smaller depression between (Re- 
peated exposures may enturely smooth out these curves also, but them mag- 
^ remams much greater than at 25°, as seen m several instances m Figs 

lie degree "irn' differences obtam when the potassium 
js decreased, ' pie when potassium-free sea water is 

rmal sea . . Fig 5 c The p d change is greater 
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both at 35° aod at 15° thaji at 25°, and the magnitude of the change closely 
pamllela the pj) value m sea water (The tendency to reversal of pjj at 
35^ IS evident m Fig 5 c, mth potassium free sea water ) 

mscossioN 

The dose parallel at the different temperatures studied between the mag- 
mtude of the normal pjj , and of its mcrease by KCl, suggests that the two 
may have the same basis Indeed, the practical abohtion of both the pj) 
itself, and of any temperature effect upon it at very low potasaium concen 
trations, raises the question whether any other potential except that due to 
the external KCl concentratbn contributes tow^ the total pm across the 
protoplasm of Valoiita It is, of course, possible that the high KCl content 
of the sap seta up a large potential across the vacuolar surface of the proto- 
plasm, which IS m turn dosely balanced by some other potential (perhaps due 
to orgamc ions of the protoplasro“) It has not >et prosed possible to per 
fuse the vacuole of Valonta with new solutions, such as sea water, to determine 
the response of the vacuolar surface to potassium salts, but such expenments 
with suggest that the vacuolar surface is practically mdifferent 

to them If so, It IS perhaps not surpnsmg that the pm of Vafonra is very 
sbghtfy influenced by temperature when there is only 0 006 u KCl m the sea 
water^there may then be no other potential present to be altered. (Possibly 
two balanced potentials ate bemg altered by temperature m exactly equal 
and opposite degree, but if so, this would still leave the external potasaium 
Concentration effect os the expeninentally controllmg factor ) 

The simplest hypothesis is that a change m the mobflities of the ions K+ 
and Cl“ occurs m the protoplasmic surface, over the temperature range stud 
lad. The values of the tnUial cusps suggest that this does indeed change 
somewhat. But mostly it a the succeedmg tune cour« that differs, and 
here we ma) have several possible hypotheses to choose between 
(a) We may use the simple picture advanced by Damon’ to account for the 
cusped time courses, namely an advancing concentration wave of KCL Thus 
we may say that at 15° KCl enters very slowly, lo that the original gradient 
a well mamtamed across the outer surface (X) hence the potential is steady 
At 25° sufficient KCl enters to decrease the gradient across Y fairly soon, 
hence the cusp, but the wave reaches the inner surface (F) only slowly, hence 
up a second potential there only slowly and mcompletely At 35°, 
however, although there is rapid entrance across X, the wave also reaches F 
'’'D soon, and reestablishes a potential there This attractive picture suffers 

”3111111 L R, Cold Spring Harbor symposia on quanotative biology, Cold 
Spring Harbor Long Island Biological Association 1940 8, 204 
“Blmts, L. R. / Gen. PAvjwJ 1934-35 18, 409 
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0 012 M to 0 024 M KCl (Fig 5) This is generally true at 25°, although some- 
times repeated later exposures give a flatter topped curve than the first, as 
seen m several cases in Figs 5 and 6 A definite control is exercised by tem- 
perature upon the shape and magnitude of these tune courses Coohng to 
15° generally gives perfectly regular, smooth curves, soon reachmg a constant 
value, with scarcely an mdication of cusp or later rise, even at 0 1 u KCl 
This constant value may be 50 to 100 per cent higher than the average m- 



Fig 6 Time courses of p n change when the sea water potassium level (0 012 ir 
KCl) IS doubled to 0 024 m, at the three temperatures 15°, 25°, and 35° C The flat- 
topped response of some 14 mv at 15° gives way to a smaller, shghtly cusped response 
at 25°, and to a larger, often cusped response at 35° p d across the protoplasm m 
irulhvolts, tune mtervals, 10 mmutes apart Changes of temperature mdicated by 
the vertical dotted Imes, of solutions by the arrows 


crease at 25° However, at 35°, comcidmg with the mcreased pd m sea 


water, the potassium effect is agam mcreased, even over that at 15° The 
time course is usually cusped, but not as markedly as at 25°, both the mitial 
and final values bemg much higher, with a smaller depression between (Re- 


peated exposures may entirely smooth out these curves also, but their mag- 
mtude remains much greater than at 25°, as seen m several instances m Figs 


5 and 6 ) 

To a considerable degree, the same differences obtam when the potassium 
concentration is decreased, as for example when potassium-free sea water is 
substituted for normal sea water, as m Fig 5 c The P n change is greater 
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both at 35* and at 15° than at 25°, and the magnitude of the change closely 
parallels the pj? value in sea water (The tendency to reversal ^ pd at 
35° IS evident in Fig 5 c, with potassium free sea water ) 

mscussioN 

The close parallel at the different temperatares studied between the mag- 
mtude of the normal pj) , and of its increase by KCJ, suggests that the two 
may have the same basis Indeed, the practical abohtion of both the pj> 
Itself, and of any temperature effect upon it at very low potassium concen 
trations, raises the question whether any other potential except that due to 
the external KCl concentration contributes toward the total pjj across the 
protoplasm of Valonui It is, of course, possible that the high KCl content 
of the sap sets up a large potential across the vacuolar surface of the proto- 
plasm, which IS m turn closely balanced by some other potential (perfmpa due 
to organic ions of the protoplasm^) It has not yet proved possible to per 
fuse the vacuole of Vdonta with new solutions, such as sea water, to determine 
the response of the vacuolar surface to potassium salts, but such expemnents 
with Bohcysiis^ suggest that the vacuolar surface is practically indifferent 
to them If so, It 13 perhaps not surprising that the pj) of Vahma is very 
slightly influenced by temperature when there is only 0 006 u KCl in the sea 
water — there may then be no other potential present to be altered (Possibly 
two balanced potentials are being altered by temperature in exactly equal 
and opposite degree, but if so, this would still leave the external potassiom 
concentration effect os the expenmentolly controlling factor ) 

The simplest hypothesa a that a diange m the mobilities of the ions 
and Ct“ occurs m the protoplasmic surface, over the temperature range stud 
led The values of the uniuU cusps suggest that this docs indeed change 
somewhat But mostly It is the succeeding time course that diffeis, arid 
here we may have several possible hypotheses to choose between 

(a) We may use the simple picture advanced by Damon’ to account for the 
cusped courses, namely an advancmg concentration wave of KCL Thus 
we may say that at 15° KCl enters slowly, so that the original gradient 
IS well maintained across the outer surface (X), hence the potential is steady 
At 25° sufficient KCl enters to decrease the gradient across X faiiiy soon, 
hence the cusp, but the wave reaches the inner surface (10 only slowly, hence 
sets up a second potential there only slowly and mcompletely At 35®, 
however, although there is rapid entrance across X, the wave also reaches F 
very soon, and reestabhahe* a potential there This attractive picture suffers 

UB lintfQ L. R. Cold Spring Harbor symposia on quantitative biologj Cold 
Spring Harbor Long Island Biological Association, 1940 8, 204 
“Blmka L fL / (7cn Fiynol 1954-dS 18,409 
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from the uncertainty as to whether there actually is any potassium effect at 
Y, as discussed above 

(b) We may mvoke instead, “alterations” m the outer protoplasmic surface, 
mduced by the potassium itself There is considerable evidence® pomtmg to 
this as the cause of the depression foUowmg the mitial cusp, for if one changes 
solutions, either back to sea water or up to higher KCl values, at the depth 
of this depression, the p d change is greatly dimiriislied, instead of bemg merely 
displaced downward around a new and lower position, which would be expected 



Fig 7 An extreme case of the influence of temperature upon the potassium effect 
(F imcrophysa m this case) 'While good stepwise mcrements were obtamed with 
the mcreases of KCl shown at 10° (upper curve), only temporary cusps were given by 
the same cell when similarly exposed at 20° (lower curve), the p n falhng after the 
cusps to an almost constant base hne At 30-35° more rapid recovery tends to 
ensue after these cusps m such a senes p d m milhvolts, time marls 10 minutes 
apart Note drop on warmmg at first (dotted) arrow of lower curve 

m scheme (a) There is a real loss, partial or complete, of the potassium 
effect durmg the trough, it recovers rapidly if sea water is restored, or more 
slowly if the KCl remams The cause of this “alteration” by potassium itself 
IS not clear, but it is conditioned among other thmgs by the pH of the sea 
water, bemg almost entirely abolished at high pH ® Clearly, temperature also 
conditions it, for there is no trough, and no correspondmg loss of potassium 
effect at 15°, while it becomes promment at 25° The situation at 35° is 
then mterestmg what causes the very shght trough and final very large 
potassium effect? Apparently the higher temperature greatly speeds up the 
spontaneous recovery from the alteration, which occurs more slowly and m- 
completely at 25° This may well be some metabohc response to the altered 
pH due to the entrance of KOH, it may even cause the curve after recovery to 



me higher than at 15° Fig 7 shows a stating example of these alterations 
at 20°, which were prevented at 10° The picture for pH is very -iimilnr to 
this and will be reported elsewhere. 

(c) A third possibility involves the accumoJatoiy mechsnisni, which car- 
ries the entenng potassium over across V mto the vacuole This is dearly 
conditioned by metabolism, and might therefore be expected to have a high 
temperatiut coefficient We may assume that (as in a) little KCl moves 
across X at 15°, so that the original gradient is nmmtamed, hence a high 
PJ> At 25°, however, considerably more KCl entera X, but is not vtiy rapidly 
moved out of tbe protoplasm across K to the sap by the accumulatory mecba 
nism. At 35°, finally, despite a large entrance across A, the scciumijatojy 
mecbamsm is very active, and keeps tbe protoplasm well depleted of the 
entenng potassium, hence the pj> is high There is evidence that m NutUa 
radioactive potassium does enter the protoplasm readily (across X), but only 
slowly accumulates m the sap “ The entrance is also rhythmic, some- 
what lie the later rises and falls of the KCl tune curves in Fu/onw The 
behavior of radioactive potassium m the protoplasm of Valonta at different 
temperatures would be interesting to study m connection with the bioelecttic 
curves. 

Choice between (a), (W, and (e) la difficult, but the author mclmes toward 
(4) ("alteration") as having the most expenmental proof at the moment. 
By penmttmg a temporary approach or equabty of mobility for K+ and Cl", 
this could govern the effects described, although the other possibUities (a) 
and (e) cannot yet be dismissed 

It 18 evident that (4) might account for the temperature effects m ordiaaiy 
sea water smce the pj m the steady state alter “recovery” would vary in the 
manner observed Ia(<i),h£iwevet,anychaneEmtbere£iuiredihrectiQaniight 
be only temporary and the steady state after ‘ recovery" would not be predrrt 
able without additional assumptions. In (o) and (c) it would be necessary 
to assume that m ordinary sea water there is enough mward movement of 
K+i due to growth, to account for the observed effects 

These considerations emphasise agam tbe remarkable labibty of tbe proto- 
plasmic surface, which Osterhout has demonstrated with a variety of cbemiraJ 
agents m Valmna and other plant cens.** Temperature, m mfluencuig the 
alteration of the surface by potassium itself, is therefore but another agent m 
producing this "Osterhout effect-"'* 

“ Brooks SC / Cell and Camp Pkysial 1939 M, 383 

“Osterhout W J V J Can Physud 1936-37, 20, 13 68S 1940-11 24,31) 499 
J Cai a, id Camp Pkyswl , 1941 IB, 129 

'* The large poauve yx of BaUcyttu whida has its probable ongin m the oisuwc 
salts of the protoplasm “ is onlv slightly uifluenced by temperature.' If however 
the KCl amtent of the «ea water is mcteaaetf, the temperature effects are con 
sidetably enhanced." The mechanism is probably that of (4) described above and 
win be discussed at length m another paper 
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SUMMARY 

The effect of temperature upon the bioelectric potential across the proto- 
plasm of impaled Valonia cells is descnbed Over the ordinary tolerated 
range, the p d is lowest around 25°C , rismg both toward 15° and 35° The 
time curves are characteristic also The magmtude of the temperature effect 
can be controlled by changmg the KCl content of the sea water (normally 
0 012 m) the magmtude is greatly reduced at 0 006 M KCl, enhanced at 0 024 
M, and greatly exaggerated at 0 1 m KCl 

Conversely, temperature controls the magmtude of the potassium effect, 
which IS smallest at 25°, with a cusped time course It is mcreased, with a 
smoothly nsmg course, at 15°, and considerably enhanced, with only a small 
cusp, at 35° A temporary “alteration” of the protoplasmic surface by the 
potassium is suggested to account for the time courses This alteration does 
not occur at 15°, the protoplasm recovers only slowly and mcompletely at 
25°, but rapidly at 35°, m such fashion as to make the p d more negative than 
at 15° This would account for the temperature effects observed m ordinary 
sea water 
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from trypsmogen, effect of calcium 
and other ions, 53 

Catfishes, peripherally stored neuro- 
humors, activity, 177 

Cell, blood, red See Erythrocj te 

— metabolism and cell division, 

717, 733, 749 
CeU-free and hvmg systems, panto- 
theme acid and utilization of glu- 
cose by, 777 

Cells, egg, Ostrea mrgtntcay osmotic 
properties, 215 

— , plant, accumulation of salt and 
permeabihty, 865 

— , stellate, of frog liver, properties, 
influence of detergents, 705 

— , stimulation by mtense flashes of 
ultraviolet light, 431 

— x-ray effects, mechanisms, 

533 

Centrifuge, ultra-, purified diphtheria 
antitoxm m, 487 

Chemical studies, quantitative, on 
hemolysms, total antibody m anti- 
sera to sheep erythrocytes and 
stromata, 523 

ChlorophyU-protem complex, electro- 
phoretic properties and isoelectric 
pomt, 755 

Cholme esterase, activity, and electric 
potential, m electric organ of 
Electrophoriis electneus Lmnaeus, 

75 


Chroococciis, phycocyanm m, photo- 
synthetic efficiency, and carotenoid 
participation m photosynthesis, 

579 

Chymotrypsmogen, determmation of 
ammo acids m, and its molecular 
weight, 167 

Clottmg, blood-, reagents, and fibrmo- 
gen, flocculation maximum (pH), 
relative turbidimetry with Evelyn 
photoelectric colorimeter, 

607 

Cocarboxylase, amount and possible 
function m Arbacta punctulata eggs, 

733 

— , sulfonamide drugs structurally 
related to, inhibition of bacterial 
and yeast carboxylases by, 

805 

Collodion membrane, activated, struc- 
ture and electrical behavior, 7 

— membrane, structure and electrical 

behavior, and base exchange prop- 
erties of collodion, 411 

Colorimeter, photoelectric, Evelyn, 
relative turbidimetry with, floccula- 
tion maximum (pH) of fibrmogen 
and blood-clottmg reagents, 

607 

Corpuscle, red See Erythrocyte 

Corpuscular proteins, valence, 

785 

Cozymase content of Arbacta punc- 
tulata eggs, 749 

Crystallization and purification of 
diphtheria antitoxm, 465 

Crystallographic and x-ray studies of 
plant virus preparations, 147 

— and x-ray studies of plant virus 

preparations, preparation of speci- 
mens and modes of aggregation of 
virus particles. 111 

Cultures, tissue, metabobsm, chick 
embryo, 689 

Cycloscopic study of human electro- 
encephalogram, 517 

Cyclosis and stimulation m Ntlella 
flexilis, hydrostatic pressure and 
temperature m relation to, 

855 
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I^ETERGENTS, influence onprop- 
^ ertiea of stellate cells of frog 
Uver, 705 

Diffusion, analytical, of influenza 
virus and mouse enccphalomyebtis 
VITUS, 263 

Diphosphopyridine nucleotide con 
tent of Arbeexa punclidata eggs, 
749 

Diphospbotbiommc, amount and pos- 
sible function in Arbacia pnttduhta 
cgg3, 733 

Diphtherm ontitoxm, punflcation and 
crystallization, 465 

— antitoxm, purified, m ultracentri- 

fuge and m electrophoresis ap- 
paratus, 437 

Drugs, sulfonamide, structurally re- 
lated to cocarboxylase, inhibition 
of bacterial etnd yeast carboxylases 
by, 805 

PGG cells, Oslrca vtrgmtca, osmotic 
^ properties, 215 

— , irog, electric impedance, 765 
Eggs, Arbccui punduiaia^ amount and 
possible function of djphospho- 
thiamme, 733 

“'j Arhaaa punciulotaj diphospho- 
pyndine nucleotide content, 

749 

— , Arbcaa punciulaUi, glycogen con 
tent, carbohydrate consumption, 
lactic acid production, and am 
monia production, 717 

— , FuoiSt retarding and inhibitory 
effects of strong ultraviolet, coun 
teracted by white b^t, 391 
Electric impedance of frog egg, 

765 

Electric potential and activity of 
choline esterase m electric organ of 
EUdrophorus eUdneus Linnaeus, 

75 

■ — potential and potassium effect of 
roUmui, relations of temperature, 
905 

Electneal behavior and structure of 
cultivated collodion membrane 

7 

— behavior and structure of collodion 


membrane and base exchange prop- 
erties of collodion, 

411 

Electroencephalogram, human, cycio- 
scopic study, 517 

Electrophoresis apparatus, pimfied 
diphtbena antitoxm in, 487 

Electrophoretic properties and iso- 
electric pomt of chlorophyli-protem 
ojmplex, 755 

— study of ovalbumin and yeast nu 
cleic acid mixtures, 507 

Eiecirophonis dedneus Linnaeus, elec 
tnc organ, electnc potential and 
activity of choline esterase m, 

75 

Embryo, chick, tissue cultures, 
metabolism 6^ 

Embryornc chick heart, extirpated, 
pul^Uon, rate and quabty, physi- 
ological effects of I tyroame and U 
phenylalanine, 597 

Encephalogram, electro-, human, cy 
doscopic study, 517 

Encephaiomyehtis virus, mouse, and 
influenza vmis, anal ytical diffu 
siOQ, 263 

Endogenous respiration in autotro- 
phic bacteria, 617 

Energy, (quanta and vision, Si9 
EnzjTnatic actrvitKS of normal and 
mosaic infected tobacco plants, 

649 

Eiythrocyte, lomc exchanges mvolv 
me, rdle of carbonic anhydrase, 

539 

Erythrocytes and stromata, sheep, 
total antibody m antisera to, 

523 

Esterase choline, activity and elec 
Inc potential, m clcctnc organ of 
ElcdrophoTia dedneus Lmnacus,^^ 

Euryhahne fishes, visual systems, 

235 

tpIBRINOGEN and blood-clottmg 
* reagents, flocculation maximum 
(pH) relative tuibidimetiy with 
Evelyn photoelectric colorimeter, 
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Finch, zebra, wave length sensitivity- 
function for, 381 

Fishes, euryhaline, visual systems, 

235 

Flocculation maximum, hydrogen ion 
concentration, of fibrmogen and 
blood-clottmg reagents, relative 
turbidimetry with Evelyn photo- 
electric colorimeter, 607 

Fovea, flicker response function out- 
side, 293 

Films eggs, retardmg and inhibitory 
effects of strong ultraviolet coun- 
teracted by white hght, 391 

^^LUCOSE utilization by hvmg and 
cell-free systems, and panto- 
thenic aad, 777 

Glycogen content, carbohydrate con- 
sumption, lactic acid production, 
and ammonia production of Arhacta 
pnnctiilata eggs, 717 

UEART, duck, embryomc, ex- 
turpated, physiological effects of 
^•t 3 Tosme and /-phenylalanme on 
rate and quahty of pulsation, 

597 

— , Eomarus, perfusmg solution, ef- 
fects of constituent ions, 1 

Hemoglobm, crystalhne, gumea pig, 
properties, 571 

Hemolysms, quantitative chemical 
studies, total antibody m antisera 
to sheep erythrocytes and stromata, 

523 

Hemolysis, acceleration, effect of tem- 
perature and lysin concentration, 

247 

Eomarus heart, perfusmg solution, 
effects of constituent ions, 1 

Hydrogen ion concentration, effects 
upon metamorphic pattern of 
thyroxm- and lodme-treated tad- 
poles, 623 

— ion concentration, flocculation 
maximum of fibrmogen and blood- 
clottmg reagents, relative tur- 
bidimetry with Evelyn photoelec- 
tric colorimeter, 607 


Hydrostatic pressure and tempera- 
ture m relation to stimulation and 
cyclosis m Nitella Jlexilis, 855 

IMPEDANCE, electric, of frog egg, 

765 

Inductance and rectification m squid 
giant axon, 29 

Influenza virus and mouse encephalo- 
myelitis virus, analytical diffusion, 

263 

Invertase, yeast, activity as function 
of oxidation-reduction potential, 

399 

— , yeast, reactivation, influence of 
protems, 207 

lodme, mactivation of pepsm by, 
isolation of crystalhne /-mono- 
lodotyrosme from partially lodi- 
nated pepsm, 185 

lodme- and thyroxm-treated tadpoles, 
metamorphic pattern, effects of 
hydrogen ion concentration, 

623 

lomc exchanges mvolvmg erythro- 
cyte, r61e of carbomc anhydrase, 

539 

Ions, constituent, of perfusmg 
solution for Eomarus heart, ef- 
fects, 1 

— , effect on autocatalytic formation 
of trypsm from trypsmogen, 

53 

Isoelectric pomt and electrophoretic 
properties of chlorophyU-protem 
complex, 755 

T ACTIC acid production, glycogen 
^ content, carbohydrate consump- 
tion, and ammoma production of 
A rbacia punctulata eggs, 717 

Lamprey, visual system and vita- 
mms A, 531 

Light, ultraviolet, mtense flashes, 
stimulation of cells by, 431 

— , white, counteractmg retardmg and 
inhibitory effects of strong ultra- 
violet on File us eggs, 391 

Liver, frog, stellate cells, properties, 
influence of detergents, 705 
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Lobster heart, perfusing solution, 
effects of constituent ions, 1 
Lysm concentration and temperature, 
effect on acceleration of hemolysis, 

247 

JyjAGNETIC behavior of catalase. 

Mammalian sperm, revival after im 
meraion m hquid mtrogen, 

337 

Man, electroencephalogram, cyclo- 
scopic study, S17 

— , radioactivity of potassium from, 

345 

Membrane, collodion, activated, 
structure and electneal be- 
havior, 7 

— coUo^n, structure and electrical 

behavior, and base exchange prop- 
ertieg of collodion, 411 

MetaboUc orgameation, tti vivo, pro- 
duction and use of permanently 
altered strains of yeast for studies 
of, 229 

Metabolism, cell, and cell division, 
717, 733, 749 

— of tissue cultures, chid, embryo, 

689 

Metamorphic pattern of thyroxin 
and iodine-treated tadpoles, effects 
of hydrogen ion concentration, 

623 

Microrespiromcter, differential, sun 
phfied, 663 

Molecular weight of chymotrypsmo- 
gen and determination of ammo 
acids m, 167 

Monoiodotyroaine, / , crystalline, iso- 
lation from partially lodinated 
pepsm, 185 

Mosaic Virus, tobacco containing 
radioactive phosphorus, prepara 
tiononduse 881 

VITOS, tobacco reversible inactiva 
tion by oystallinc libonDdease, 

497 

Mosaic infected and normal tobacco 
plants, enzymatic activities, 

649 


EUROHUMORS ^ m catfishes, 
peripherally stored, activity, 
177 

NtUllaJIextlts, stimulation and cycloas 
in, hydrostatic pressure and tern 
perature m relation to, 855 

Nitrogen, hquid, revivtil of mam 
mahan sperm after immersion in, 
337 

Nuclease, ribo-, crystailme, reversible 
inactivation of tobacco mosaic virus 
by, 497 

Nuclei, rad:oact 2 vo phosphorus up- 
take by, 275 

Nucleic aad, yeast, and ovalbumin, 
mixtures, electrophoretic study, 
507 

Nucleotide, diphogihopyndme, con 
lent of Aroacta punciuUUa eggs, 
749 

^RGAN, electnc, of Bketrophorus 
electneuz Linnaeus, electric po- 
tential and activity of choline 
esterase m 75 

Osmotic properties of Osirca vtrswtca 
egg cells, 215 

Ostreo vtrgintta, egg cells, osmotic 
properties, 215 

Ovalbumm and yeast nucleic acid, 
mixtures, electrophoretic study, 

507 

Oxidation of sulfhydryl ^ups, 355 
— , photo-, processes, m plants, 

309 

Oxidation reduction potential, ac 
tivity of yeast mvertase as func 
tion of, ^99 

Oyster, egg cells, osmotic properly 

PA14TOTHENIC aad and utiliza 
^ tion of glucose by hvmg and cell 
free systems, 777 

Papam trypamase, activation as func 
tion of nature of activator 669 
Pepsm, inactivation by iodine, isola- 
tion of crystailme I monoiodo- 
tyrosme from partially lodinated 
pepsin, 
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Perfusion solution for lobster heart, 
effects of constituent ions, 1 

Permeability and salt accumulation 
m plant cells, 865 

Phenylalamne, and /-ty rosme, physi- 
ological effects on rate and quahty 
of pulsation in extnpated em- 
bryonic chick heart, 597 

Phosphorus, radioactive, preparation 
and use of tobacco mosaic virus 
contammg, 881 

— , radioactive, uptake by nuclei, 

275 

Photoelectnc colorimeter, Evelyn, 
relative turbidimetry with, floc- 
culation maximum (pH) of flbrmo- 
gen and blood-clottmg reagents, 

607 

Photosynthetic efficiency of phyco- 
cyanm in Chroococctis, carotenoid 
participation m photosynthesis, 

579 

Photoxidation processes m plants, 

309 

Phycocyamn m Ckroococcus, photo- 
synthetic efficiency, carotenoid par- 
ticipation in photosynthesis, 

579 

Physiological effects of f-tyxosme and 
f-phenylalanme on rate and quahty 
of pui^tion m extnpated embry- 
onic chick heart, 597 

— phenomena, influence of detergents 

on properties of stellate cells of 
frog liver, 705 

Plant cells, accumulation of salt and 
permeabihty, 865 

— virus preparations, x-ray and crys- 
tallographic studies, 147 

— vurus preparations, x-ray and crys- 

tallographic studies, preparation 
of specunens and modes of aggrega- 
tion of virus particles. 111 

Plants, photoxidation processes, 

309 

— , tobacco, normal, and mosaic-m- 
fected, enzymatic activities, 649 

Potassium effect and bioelectric po- 
tential of Valoma, relations of tem- 
perature, 905 


Potassium from human, sources, radio- 
activity, 345 

Potential, bioelectric, and potassium 
effect, of Valoma, relations of tem- 
perature, 905 

— , electric, and activity of chohne 
esterase, m electric organ of Electro- 
phorus electnciis Linnaeus, 

75 

— , oxidation-reduction, activity of 
yeast mvertase as function of, 

399 

Pressure, hydrostatic, and tempera- 
ture m relation to stimulation and 
cyclosis m Nitellajiexilis, 855 
Protem-chlorophyll complex, electro- 
phoretic properties and isoelectric 
pomt, 755 

Protems, corpuscular, valence, 785 
— , influence on reactivation of yeast 
mvertase, 207 

Protoplasmic streammg, effect of 
auxms, 841 

Pulsation m extirpated embryomc 
chick heart, physiological effects of 
1-tyrosme and i-phenylalanme on 
rate and quahty, 597 

Pyridme, diphospho-, nucleotide, con- 
tent of Arbacia pitnctulata eggs, 

749 


^^UANTA, ener^, and vision. 
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"D ADIO ACTIVE phosphorus, prepa- 
ration and use of tobacco mosaic 
virus contammg, 881 

— phosphorus, uptake by nuclei, 

275 


Radioctmty of potassium from 
human sources, 345 

Rectification and mductance m squid 
giant axon, 29 

Reduction-oxidation potential, ac- 
tivity of yeast mvertase as function 
of, 399 

Respiration, endogenous, m auto- 
trophic bacteria, 617 

— of bacteria and yeast, action of 
sulfonamides, 805 
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Respiratory effects upon visual 
threshold, 891 

Respirometer, micro-, differential, 
simplified 663 

Ribonuclcase, crystalhne, reversible 
inactivation of tobacco mosaic virus 
by, 497 

Romtgen ray and crystallographic 
studies of plant vims preparations, 

147 

— ray and crystallographic studies of 
plant virus preparations, prepata 
tion of specimens, and modes of 
aggregation of vims particles, 

111 

— ray effects on cells, mechanisms 

533 

CALT, accumulation, and perme 
abOity, m plant cells, 865 

Sensitivity function, wave length, for 
zebra finch, 381 

Sheep erythrocytes and stromata, 
total antibody m antisera to, 

523 

Spectrum, diff’erent regions, visual 
acuity and illummation, 553 
Sperm, mamirmlian revivral after im 
mersion in hquid mtrogen, 337 
Squid giant aion, rectification and 
mductance, 29 

Stunuhtion and cyclosis m Ntlella 
fionlts, hydrostatic pressure and 
temperature m relation to, 855 

— of cells by mtense flashes of ultra 

violet light, 431 

Streaming, protoplasmic, effect of 
auiins, 841 

Stromata and erythrorytes, sheep 
total antibody in antisera to, 

523 

Sulfhydryl groups, oxidation. 

Sulfonamides, action on respiration 
of bacteria and yeast, 805 

^ AD POLES, thyroxin- and icxjinc- 
treated, metamoipbic pattern, 
effects of hydrogen ion concentra 
t»n, P23 


Temperature and hydrostatic pres- 
sure m relation to stimulation and 
cyclosis m Nitdlajiexilis, 855 

— and lysm concentration, effect on 
acceleration of hemol^is, 247 

— , relations to potassium effect and 
bioelectric potential of Vah/iia, 

905 

Thiam in e, diphospho-, amount and 
possible function m Ardaaa punc 
tulala eggs, 733 

Thrombm, punfication, 679 

Tbyroxm and iodine-treated tad 
poles, metamorphic pattern, effects 
of hydrogen ion concentration, 

623 

Tune-wcight relation, simple, ob- 
served m well nourished rats, 

445 

Tissue cultures, metabolism, chick 
embryo, 689 

Tobacco mosaic virus containing 
radioactive phosphorus, prepara 
turn aiul use, S81 

— mosaic virus, reversible inactrva 
tion by oystallme ribonuclcase, 

497 

— plants, normal and mosaic m 
fected, enxymatic activities, 649 

Tiopmestcrases, speofiaW, and oc 
currence and distribution of 
atropmesterase, 197 

Trypsin, autocatalybc formation from 
trypsmogen, effect of calaum and 
other ions, 53 

Trypsmase, papam, activation as 
function of nature of activator, 

669 

Trypsinogen, effect of cal cn im and 
other ions on autocatalytic forma 
tion of trypsm from, 53 

Tuibidunetiy relative with Eveira 
photoelectric colorimeter, floccula 
tion maximiim (pH) of fibrinogen 
and blood-clottmg reagents. 

Tyrosme f-monoiodo-, ciystallu^ 
isolation from partially lodinatra 
pepsm, 



